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1 Introdution
1.1 Motivation
A fundamental tenet of modern nane theory is that the investors' expetations of reward
is related to the inherent riskiness of the investment. Investors therefore require an esti-
mate of the riskiness of an investment before making ruial nanial deisions. Following
the seminal work of Markowitz (1952), Sharpe (1964), and Tobin (1958), risk has been
assoiated with the variane in the value of an investment or portfolio of investments, or
the square root of the variane known as volatility.
1
It follows therefore that modelling
volatility is entral element in nanial eonometris and onsequently this topi is the
subjet matter of a voluminous literature.
Simple approahes to modelling volatility are based on omputing the sample standard
deviation of the returns to an investment over a xed period, with or without smoothing
these estimates, are still frequently used by nane pratitioners. However, the seminal
paper of Engle (1982), whih demonstrated that a key feature of volatility is its tendeny
to luster in time, prompted the development of dynami, data-driven models, whih are
known as the autoregressive onditional heterosedastiity (ARCH) lass of models. Sub-
stantial progress has been made on developing dierent ARCH model speiations and
bridging the gap between these models and ontinuous time stohasti volatility models,
whih are losely onneted with the option priing literature. Extensions within the ARCH
lass of model that retain the fundamental feature that volatility is an unobservable quan-
tity are too numerous to list (Bollerslev, Chou and Kroner, 1992; Engle, 2002a; Bauwens,
Laurent and Rombouts, 2006), but partiular fous has been plaed on understanding the
fundamental fators driving the volatility proess (Engle, Ng and Rothshild, 1990a), suh
as ination or industrial prodution (Engle, Ghysels and Sohn, 2013) and partiularly the
news (Ederington and Lee, 1993). More reent researh on volatility modelling (Barndor-
Nielsen and Shephard, 2002; 2004) treats volatility as observable, whih failitates analysis
of both the disrete and ontinuous omponents of volatility, and allows the fators driving
volatility to be treated in a more traditional eonometri framework. Despite this impres-
1
Note that the terms variane and volatility are used interhangeably in muh of the nanial eono-
metris literature. As there is a bijetive mapping between the two these, rather loose use of terminology
is not partiularly injurious.
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sive progress in modelling volatility, however, our understanding of the drivers of volatility
and its transmission in the global marketplae is still limited and it is in this area of researh
that this thesis makes its ontribution.
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Figure 1.1: This gure plots the series of delines in global equity markets between February
26, 2007 and Marh 1, 2007 in Australia (ASX), Japan (TOPIX), Europe (FTSE), and the
United States (S&P 500). The hourly TOPIX, FTSE, and S&P 500 pries for the E-mini
futures ontrats and ASX pries for the standard futures ontrats are normalized before
plotting. The gaps in data are left blank.
The reent Global Finanial Crisis (GFC) and the simultaneous ollapse of global equity
markets provides a graphi illustration of the importane of volatility transmission. To be
more spei, onsider a senario from the reent history of the GFC, illustrated in Figure
1.1, whih shows some of sharp falls in equity markets experiened at the onset of the
risis
2
. The gure suggests that the derease in the Australian and Japanese stok markets
leads the steep fall in Europe and the United States, while on the next day the reovery
of the Australian and Japanese markets lags the earlier turn around in the United States.
These kinds of episodes have been studied in the ontagion literature (Forbes and Rigobon,
2002; Pavlova and Rigobon, 2007) whih emphasise the role of ommon shoks, suh as
liquidity or information shoks (Calvo and Mendoza, 2000), within one asset lass.
2
This gure is a modied version of Figure 1 from Ait-Sahalia, Caho-Diaz and Laeven (2014). China
and developed Pai ountries are replaed by Japan and Australia.
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Figure 1.2: The estimated onditional GARCH(1,1) volatility (multiplied by 1000) for
the equity markets in Europe and the United States. The daily log returns are used for
estimation. The dotted lines represent the estimates, whih ignore links between ountries,
while ontinuous lines present volatilities in the interrelated market.
An important impliation of Figure 1.1 is that a struture of relations between ountries,
even within a single-asset market, is omplex, resulting in nontrivial ommonality in their
time-varying volatility harateristis doumented by Diebold and Nerlove (1989). Indeed,
if volatility is modelled using a simple GARCH(1,1) model of Engle (1982) and Bollerslev
(1986), a historial benhmark in volatility modelling, a number of interesting remarks an
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be made. The appliation of suh a model to the United States and European stok markets
is presented in Figure 1.2.
In partiular, the volatility series for the United States and European stok markets are
estimated, implying independene (dotted line) or orrelation (ontinuous line) between
them. An important observation is that the dierene between volatilities is more pro-
nouned during the GFC, a fat that an perhaps be attributed to dissimilarity of news
ows in these ountries at that time (Stiglitz, 2002). More interesting from the urrent
perspetive is that the estimates of volatility that allow for orrelation die out in late 2008,
while the estimates based on no orrelation are quite persistent. It is this omplex stru-
ture of global interation that makes the issue of modelling volatility transmission suh an
interesting and important one.
Figure 1.3: The struture of a trading day in foreign exhange markets is plotted for
Australia, Japan, Europe, and the United States. Hours are in GMT. Soure: investing.om
In seeking to model the transmission of volatility between dierent asset lasses and
dierent ountries in the global eonomy, a distinguishing feature of the researh reported
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in this thesis is the attention that is paid to dealing with time dierenes between the
important trading zones in the world nanial system. Clearly, the global trading day has
a spei alendar struture whih is illustrated in Figure 1.3, whih shows that markets in
New York, London and Tokyo are all open at dierent (generally non-overlapping) times on
the same day. There are periods where the markets overlap, speially Tokyo and London
(07:00 - 09:00 GMT) and New York and London (12:00 - 16:00 GMT), respetively. During
these hours the trading volume is partiularly high, resulting in distint intraday patterns
that should be taken into aount. In this thesis, spei attention is paid to respeting
the alendar struture imposed by the global trading day not only in terms of volatility
linkages but also in analysing news items related to eah spei zone.
In summary, this thesis is primarily onerned with the fundamental problem of volatil-
ity transmission between dierent nanial asset markets and aross dierent international
time zones. In partiular, an important issue is whether or not there is transmission of
volatility between these dierent regions within the same trading day.
1.2 Researh questions and outline of this thesis
In order to examine volatility patterns in global nanial markets, the program of researh
reported in this thesis addresses the following researh questions.
Is there transmission of volatility aross trading zones and aross dierent asset
markets on the same global trading day?
This question was rst addressed by Engle, Ito and Lin (1990b) who examined how
volatility in the foreign exhange market was transmitted between dierent regions of the
world on the same trading day. In partiular, two patterns in volatility transmission were
identied and tested for, namely the meteor shower and heat-wave hypotheses. The former
implies that transmission of volatility is primarily from one zone to another on same trading
day, while the latter suggests that primary driver of volatility is from the previous day in
the same zone, implying zonal independene in terms of the transmission of volatility. In
addressing this question there is a need not only to extend the analysis to global equity
and bonds markets but there is also sope for using reent developments in eonometri
methods, suh as multivariate GARCH models and realised volatility measures suh as
jumps, diusions, positive and negative semivarianes (Barndor-Nielsen, Kinnebrok and
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Shephard, 2008b) to hek the robustness of the early work and to extend and deepen our
understanding of the proess of volatility transmission.
Is there a long run equilibrium relationship between volatilities of dierent asset
markets aross dierent regions?
While the fundamental drivers of volatility have been the subjet of muh researh
(Engle, Ng and Rothshild, 1990a; Engle, Ghysels and Sohn, 2013), there has been little
or no attention paid to the long-run equilibrium relationships between dierent asset mar-
kets and aross trading regions. Part of the problem stems from the fat that although
volatility is a stationary proess it demonstrates long memory harateristis. Dealing with
long-memory, or frational integration, requires the use of spei eonometri tehniques
for frational ointegration whih have been developed relatively reently (Johansen and
Nielsen, 2012). The main advantages oered by frational ointegration is that both short
and longer-term relationships between volatility in dierent international trading zones an
be modelled and any ommon long term trends in volatility identied.
If there is suh a long run equilibrium or ommon trend in volatility, an it be
linked to publi information or the news?
A reent advane in textual analysis allows news items relating partiular trading zones
and asset markets an be reliably identied and olleted. This is an important development
beause of the entral role that has traditionally been aorded to the news in modelling
volatility (Engle and Ng, 1993; Ederington and Lee, 1993). It is now possible to explore
more fully the relationship between publily available information and volatility. Moreover,
due to advanements in linguistis software, information regarding the tone of news items
allows the apture of asymmetri eets from news to volatility, whih allows a deeper
analysis of the relationship that has not been possible previously.
Is it possible to haraterise the interation between dierent zones using very
high frequeny data?
It is only in reent years that the full power of the eonometris of point proesses has
been used to explore nanial market data (Bowsher, 2007; Bauwens and Hautsh, 2006).
This framework provides the opportunity to explore the relationships between market events
and news announements inluding ontagion eets of volatility in a manner not previously
possible. It is antiipated that these methods will be partiularly apposite when examining
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data from zones that are open for trading at the same times. As the time periods where
this ondition is satised is relatively short, the use of the very high frequeny data is a
natural way of overoming the problem of sarity of data at lower frequenies.
1.3 Methodology
Historially, the rst approah to volatility modelling is a (G)ARCH model of Engle (1982)
and Bollerslev (1986), whih was used by Engle, Ito and Lin (1990b) to analyse volatility
spillovers between Japan, Europe, Asia, and the United States in the foreign exhange
market. Engle, Ito and Lin (1990b) laimed that the role of news from adjaent regions
was to be preferred to loal inuenes from the previous day. News is interpreted in this
ase as an ARCH omponent. Moreover, it is assumed that no interation between ountry
volatilities our within a trading day. In this thesis, the original model of Engle, Ito and
Lin (1990b) is extended in a number of diretions. The assumption regarding an indepen-
dene of ountry volatilities is relaxed, allowing intraday volatility transmissions. Using
the results of Barndor-Nielsen and Shephard (2002, 2004, 2006) and Huang and Tauhen
(2005) volatility an be onsistently estimated as a sum of square intraday returns (known
as realised volatility) and deomposed into jump and ontinuous omponents. Inorporat-
ing these omponents into a GARCH equation gives new insight into explaining volatility
transmissions in global nanial markets (Chapter 4). Note that in this ase, an asymptoti
inferene is similar to a GARCH-X model (Han and Kristensen, 2014), whih allows the
appliation of a standard likelihood proedure. For example, suh a model an suessfully
apture asymmetri information eets on volatility, due to good or bad news.
One armed with the estimates of realised volatility, the GARCH framework is not
neessary and volatility transmissions between ountries an be diretly estimated using a
vetor autoregression (VAR), an approah is takled in Chapter 5. However, as mentioned
earlier (Figure 1.3) the analysis is ompliated in this ase by the struture of a global
trading day, whih requires the use of a strutural VAR (SVAR). An important advantage of
the strutural models proposed in this thesis is that they are just identied by onstrution,
whih is related to the natural alender ordering. Moreover, the SVAR models with realised
volatility (Melvin and Melvin 2003; Ehrmann, Fratzsher and Rigobon, 2011) are simpler
for estimation than multivariate GARCH models. Partiularly, one of the models proposed
in this thesis aims to investigate volatility patterns in three markets aross three zones,
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whih results in a nine-variate system. Suh a GARCH system is diult to estimate
in the presene of neessary restritions
3
, while the orresponding strutural VAR gives
reliable estimates.
A good model of volatility transmissions aross nanial markets should take into a-
ount the spei statistial properties of a volatility series. One suh property is a strong
persistene of volatility (Pagan, 1996), known as a long memory (Hosking, 1981; Bollerslev
and Mikkelsen, 1996; Granger and Joyeux, 1980). To apture the long memory in volatility,
Andersen, Bollerslev, Diebold and Labys (2003) proposed applying the frational dieren-
ing lter to volatility of exhange rates. In the original set up, Andersen, Bollerslev, Diebold
and Labys (2003) did not estimate a frational dierening parameter and x it at the level
of 0.401. However, the results of this thesis (Chapter 6) suggests that suh an approah is
not appropriate due to dierent values of the frational dierening parameter for dierent
ountries. Moreover, volatility series an exhibit nonstationaritiy, whih requires estimating
the frational dierening parameter with other parameters of the model. For this reason,
modelling of long memory as an endogenous parameter is adopted as an eient solution
to the problem of strong autoorrelation and non-stationarity in volatility.
As volatility series an experiene dierent patterns in the short run, they might be
driven by a ommon stohasti fator in the long run. The presene of the so-alled 'ommon
trend' (Johansen, 1991) an be investigated using the ointegration methodology of Engle
and Granger (1987). An earlier strand of researh on ointegration supported the presene
of a ommon trend in exhange rates (Baillie and Bollerslev, 1989) or in money demand
(Johansen and Juselius, 1990). However, the presene of ointegration in the volatility
series is not doumented in literature for a number of reasons. First, volatility exhibits a
long memory. Seond, the near unit root property of volatility implies onsidering both
stationary series and series of the rst order of integration. In this ase, the ointegration
in the presene of long memory, whih is alled ofrationality (Johansen, 2008; Johansen
and Nielsen 2012; Shimotsu, 2012) should be onsidered. In the presene of ofrationality
a natural andidate for modelling volatility is an Error Corretion Model (ECM). This
dissertation proposes a frational ECM to investigate a ommonality in volatility hypothesis
for the foreign exhange, equity, and bond markets in Japan, Europe, and the United States.
3
It is known that GARCH oeients should be non-negative and meet stationarity restritions (Martin,
Hurn and Harris, 2012, Ch. 20)
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This model allows traking of both the long-term and short-term dynamis of volatility
in the multi-asset ase. The presene of a signiant error orretion term implies that
volatility series are tied together in the long run. In the ase of stationarity of volatility
the asymptotis are a standard χ2, whih is not true for the non-stationary volatility.
Given that volatility is linked to news arrival (Andersen, 1996; Clark, 1973; Ederington
and Lee, 1993; Tauhen and Pitts, 1983), one potential interpretation of this result is
that news is a global phenomenon. Traditional volatility models, suh as the multivariate
GARCH of Engle, Ito and Lin (1990b), treat news related to volatility as an unobservable
quantity. However, reent ahievements in textual analysis allow for representation of news
items by numerial indies, improving the dissemination of information among investors
and its inorporation into stok pries (Peress, 2014). Suh news indies ontain important
information about the tone and relevane of news items, whih allows for the estimation
of information volatility (i.e. a omponent of volatility generated by publi information).
Having aess to information volatility allows for the hypothesis of Ross (1989) about
equality of the variane of the prie and the variane of the information ow, to be tested.
In this ase, a supposition that news streams from dierent ountries an be orrelated
in the long-run and/or short-run should be investigated. Empirially the news-volatility
puzzle has been hallenging sine the seminal paper of Roll (1988), whih found little
relation between news and volatility. To solve this puzzle, this thesis argues the neessity
of onsidering ommon long-run trends in volatility in global nanial markets.
The importane of available ultra-high frequeny data doumented by Engle (2000)
motivates the development of volatility models utilising this data. The distintive feature
of the ultra-high frequeny data that are represented by all reorded transations is its
irregular spaing in time. In this ase, every xed interval of time (e.g. in a minute) might
ontain a dierent number of transations. The probability of an event (transation) in an
interval (known as intensity) an be estimated using a point proess theory (Daley and Vere-
Jones, 2008; Russell, 1999). In partiular, sine Engle and Russell (1998), the intensity of
transations has been represented by a superposition of exogenous (deterministi) intensity
and a stohasti omponent. This stohasti omponent aptures an impat of history of
a point proess on urrent intensity. Traditionally this omponent is a funtion of the past
history. As far as this stohasti omponent represents impulse responses of the model, it
is important to analyse it in detail. News releases play an espeially important role in the
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ase of overlapping trading hours. During these hours trading is more informative, whih
has an impat on the harater of interations between the zones. This period therefore
provides a rih environment in whih the nature of the interation between the zones an
be investigated in more detail, whih is disussed in Chapter 7.
1.4 Key ontributions
In answering the four fundamental researh questions outlined earlier, this thesis makes
at least ve fundamental ontributions to the understanding of the transmission of global
volatility.
1. Historially, the primary method adopted to investigate this problem is a variant of
the generalized autoregressive onditional heterosedastiity (GARCH) framework,
in whih volatility is treated as an unobservable quantity. There are a number of fun-
damental problems with this traditional approah. First and foremost among these
is that the onditional variane equations for eah market or time zone are estimated
separately in a single equation framework. Furthermore, the method permits one,
and only one, hannel for the transmission of volatility between markets in the same
trading day, namely the squared innovations or 'news'. A multivariate extension
of the traditional GARCH model is developed in whih the persistent part of on-
ditional variane is allowed to be an additional hannel through whih volatility is
transmitted. The empirial results related to this methodologial advanement indi-
ate learly that patterns in international volatility are extremely omplex and defy
simple ategorisation.
2. It is now well known that an observed proxy for volatility, realised volatility, an
be omputed from high-frequeny intra-day returns, and that this measure an be
deomposed into ontinuous and jump omponents, as well as positive and nega-
tive semi-varianes. The latter omponents of realised volatility orrespond to the
volatility assoiated with positive and negative returns respetively. Augmenting the
GARCHmodel by inorporating these observable proxies into the onditional variane
equation allows for some interesting empirial onlusions to be drawn. In partiular,
the jump omponent of volatility is espeially important for explaining volatility in
the equity market on same trading day. Moreover, volatility transmissions are asym-
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metri, partiularly in the equity market where volatility related to negative news is
transmitted more quikly than volatility linked to good news.
3. To address the question of whether or not volatilities in dierent markets/zones have
ommon driving fators in the long run, a frationally ointegrated vetor error or-
retion model is proposed and estimated, a development that allows both intra day
(short term) and long run dynamis in volatility to be modelled. Applying this model
to the equity and foreign exhange markets shows that volatility in one trading zone
is driven by events from other zones. The bond market does not play any role in
inuening events in Europe and the United States in the short run. The hypothesis
of an existene of a ommon driving fator is aepted, onrming that volatility in
all three nanial asset markets, and aross all three trading zones, share a single
ommon trend.
4. Using publily available data on information ow, it is demonstrated that the single
ommon trend in global volatility an be interpreted as a global news stream. This
allows the impat of publi information on volatility to be investigated in terms of rm
spei news items related to the major Australian, European, and the United States
equity indies. The major result is that prie volatility in the global equity market
is mainly driven by the global information volatility, whih an be approximated by
news from the United States. This one-to-one equilibrium relation between volatility
and news in the long run empirially supports the Mixture of Distributions Hypothesis
for the global equity market.
5. There is a brief period during whih both the United States and European markets
are open, and hene, a natural progression is to explore how they interat during this
period. It is found that trading ativity in the United States zone leads that of Europe
and that the impat of news on trades appears to be relatively weak. In other words,
signiant evidene is provided in support of the assumption made earlier that the
two hour period, 14:30 to 16:25 (GMT), an be onsidered part of the United States
zone. During this period investors pay less attention to publi announements rather
than events from other markets a result whih sets up an interesting ontradition,
namely, that news matters in the long run but not at very high frequenies.
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2 Literature review
The importane of modelling nanial volatility in deision making and risk management
has given rise to a voluminous body of researh on the patterns in, and transmission of
volatility, at both the domesti and international level. Setion 2.1 of the review is devoted
to the earlier oneptual literature on volatility modelling. Following this, the empirial
literature of volatility transmissions in global nanial markets is lassied into four groups:
domesti transmission of volatility within one asset, multi-asset volatility modelling in
one zone, international volatility spillovers within a single asset market, and international
volatility transmission aross asset lasses. These strands of researh will be disussed in
Setion 2.2. Speial attention is paid to the evolution of the researh investigating the
relation between volatility and news in this hapter (Setion 2.3). Positioning of the idea
of (o)integration in volatility aross dierent asset lasses in the literature is explored in
Setion 2.4. Next, turning attention to the ultra high frequeny literature an inreasing
role of the point proess theory in nane is disussed (Setion 2.5). Finally, Setion 2.6
emphasises the sope of the researh.
2.1 Modelling volatility
Volatility an be desribed as the variability of an asset prie, whih represents the risk of
an asset. This denition is related to the early works of Mandelbrot (1963) and Mandelbrot
and Taylor (1967) who investigate the distributional properties of returns without using the
term volatility expliitly. The quantity, whih is strongly related to volatility, appeared in
the option priing literature (Blak and Sholes, 1972) and is known as the variane rate of
the return on the stok. The variane rate was dened by Blak and Sholes (1973) as the
limit of the variane of the return over the interval, divided by the length of the interval,
when the size of the interval of measurement goes to zero. This variane rate was modeled
at the annual level and does not depend on time.
Prior to Engle (1982), eonometri literature modeled volatility as a onstant variable.
Amemiya (1973) proposed the model where the variane of the dependant variable yt is
proportional to the square of its expeted value. In partiular,
E(yt) = θ
′
onstt, yt ∼ i.i.d
V (yt) = θ
2
1(θ
′
onstt)
2,
23
where onstt is a vetor of known onstants, and θ and θ1 are unknown parameters. While
this model is not widely referred to in the literature, it an be onsidered an important
predeessor of models where volatility is time dependant.
2.1.1 Univariate ARCH models
The seminal paper by Engle (1982) introdued an autoregressive onditional heterosedasti
(ARCH) model. The main idea is that volatility is a time-dependant seond moment
proess, onditional on the past. The realizations of volatility are represented by the lagged
squared returns as
ht = κ+
q∑
i=1
biǫ
2
t−i, ǫt ∼ N(0, ht).
An important relation dened by the ARCH model, known as to the news impat urve,
shows how variane hanges with the disturbane from the previous period. This relation-
ship for the ARCH(1) model is presented in Figure 2.1. As an be seen from Figure 2.1 the
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Figure 2.1: News impat ureves for ARCH(1) model.
relationship between ht and ǫt−1 is symmetri.
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The ARCH model of Engle (1982) was extended by Bollerslev (1986, 1987), who sug-
gested that in addition to the lagged innovations, variane equation should inlude the
lagged values of volatility. The so-alled generalized ARCH (GARCH) model of Boller-
slev (1986) has a more parsimonious lag struture than a simple ARCH model. The
GARCH(1,1) model used by Bollerslev (1986) for estimating ination volatility in the
United States beame a benhmark in volatility modelling and was extended in many
diretions.
In the original GARCH model, the variane only depends on the magnitude but not
the sign of disturbanes, whih results in symmetri dependane of volatility on news rep-
resented by the disturbanes ǫt. However, the leverage eet of market pries an be inor-
porated into the model. Moreover, volatility should take only non-negative values. These
two impliations are taken into aount in the exponential GARCH (EGARCH) model of
Nelson (1991):
lnht = κ+
q∑
i=1
bi(b˜zt−i +
˜˜
b[|zt−i| − E|zt−i|]) +
p∑
i=1
ailnht−i, (2.1)
where κ, bi, b˜,
˜˜b, ai are parameters of the model and zt is i.i.d. normal. Unlike the standard
GARCH, the exponential GARCH in (2.1) does not require restritions on the parameters
to ensure non-negativity of the onditional volatility. Moreover, EGARCH is haraterized
by the asymmetri news impat urves (Engle and Ng, 1993).
Many other alternative parametri (G)ARCH models have been onsidered in literature.
In partiular, Higgins and Bera (1992) proposed a nonlinear ARCH model that inluded
power transformations of residuals. A similar idea of apturing nonlinearities in variane
was onsidered by Zakoian (1994) in the ontext of a threshold ARCH model. In this
model the onditional variane ht is a linear pieewise funtion allowing dierent reations
of volatility to shoks of dierent magnitude and signs. Another nonlinear speiation was
proposed by Harvey, Ruiz and Sentana (1992) who implied that volatility was driven by
unobservable omponent. In this model ARCH disturbanes are modeled in a state spae
form.
Another important ase was onsidered by Engle, Lilien and Robins (1987), where the
onditional mean is an expliit funtion of the onditional variane of the proess. The
so-alled 'ARCH-M' is represented by equation
yt = f(yt−1, ht, b) + ǫt,
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where an inrease in the variane is assoiated with an inrease (derease) in the onditional
mean of yt. The diretion of the hange depends on the sign of the partial derivative of
f(·) with respet to ht. The popular hoies for the funtional form of f(·) are linear or
logarithmi funtions of ht. The ARCH-M model is partiulary suitable for modelling the
tradeo between the risk and the expeted returns (Merton, 1973) expliitly, whih is a
entral issue in nane theories.
As doumented by Pagan (1996), volatility series have heavy tailed and leptokurti dis-
tributions and the return series is almost unorrelated over time and independent through
higher moments. These empirial fats lay the basis for non-parametri modeling of on-
ditional variane. Instead of parametri modelling, where the error density is standard
normal, the non-parametri approah deals with non-Gaussian models. For example, Engle
and Gonzalez-Rivera (1991) onsidered a model in whih zt is i.i.d. with a density f(·)
that might be non-normal. In pratie, the estimated density for stok returns is normally
heavy tailed but lose to symmetri.
Linton and Mammen (2005) proposed a nonparametri volatility model
ht(θ,m) =
∞∑
j=1
ψj(θ)m(yt−j),
where θ is a parameter vetor and m is an unknown smooth funtion. This model in-
orporates the partially nonparametri model of Engle and Ng (1993) as a speial ase
when
ht = a1ht−1 +m(yt−j).
This model nests GARCH(1,1) and allows for an asymmetri leverage eet. Linton and
Mammen (2005) showed the news impat urves for S&P 500 data were asymmetri and
not minimal at zero. Moreover, the news impat urves presented by Linton and Mammen
(2005) were not quadrati and the parametri model (AGARCH) signiantly underesti-
mated negative eets from news. For this reason, non-parametri modelling of interation
between nanial time series and news is a prominent topi that will be disussed in detail
in Chapter 7.
2.1.2 Multivariate volatility models
The models disussed so far are univariate, as they fous on modelling the variane of
the returns on a single asset. It is natural to extend this lass to multivariate volatility
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models speifying both onditional varianes and ovarianes. The most simple multivariate
speiation is
yt = ǫt, ǫt ∼ N(0, Vt), (2.2)
where yt is an n-dimensional time series of returns, ǫt is a orespondent vetor of distur-
banes and Vt is an n×n symmetri matrix ontaining the varianes on the main diagonal
and ovarianes on the o diagonals. Assuming normality, model (2.2) with a parameterized
struture of Vt an be estimated maximizing the log-likelihood funtion. However, om-
putation of the maximum likelihood estimates is related to a number of problems. First,
the ovariane matrix Vt should be positive denite, whih is represented by the positive
determinant |Vt| > 0 and nonnegative restritions on all varianes and ovarianes. Se-
ond, the number of unknown parameters in multivariate models inreases exponentially
with n → ∞, whih establishes the importane of parsimonious volatility models in the
multivariate ase. Multivariate models that deal with these two problems are disussed
below.
The simplest generalisation of the GARCH model to multiple settings is the VECH
model of Bollerslev, Engle and Wooldridge (1988). Volatility matrix in this ase has a form
veh(Vt) = K +
q∑
i=1
Biveh(ǫt−iǫ
′
t−i) +
p∑
i=1
Aiveh(Vt−i), (2.3)
where veh(·) represents the olumn staking of the unique elements of a symmetri ma-
trix. The VECH model does not guarantee Vt to be positive denite and the number of
parameters equals
1
2n(n + 1)[1 + n(n + 1)(p + q)/2], making the model (2.3) diult to
use in pratie without simplifying assumptions. A simple solution to redue a number of
parameters in the model is to allow matries Ai and Bi to be diagonal. However, in this
situation volatility spillovers between nanial assets represented by ovarianes an not be
tested, whih makes this speiation not exible.
To restrit matrix Vt to be positive denite and simultaneously redue the number of
parameters Engle and Kroner (1995) proposed a BEKK model
Vt = KK
′
+
q∑
i=1
s∑
k=1
B
′
kiǫt−iǫ
′
t−iBki +
p∑
i=1
s∑
k=1
A
′
kiVt−iAki, (2.4)
where Aki, Bki, and K are parameter matries, and K is a lower triangular matrix. The
form of (2.4) ensure Vt to be positive denite. However, if s > 1, an identiation problem
arises, as there are several parametrizations that yield the same representation of the model.
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Parameter restritions to ensure the volatility matrix to be positive denite are not re-
quired for the exponential GARCH model of Kawakatsu (2006). Generalizing the univariate
exponential GARCH of Nelsen (1991) to the multivariate settings the model of Kawakatsu
(2006) an be written as
veh(lnVt −K) =
q∑
i=1
Biǫt−i +
q∑
i=1
B˜i(|ǫt−i| − E|ǫt−i|) +
p∑
i=1
Aiveh(lnVt−i −K), (2.5)
where K is a symmetri n × n matrix and Ai, Bi, and B˜i are parameter matries. The
positive deniteness of the ovariane matrix Vt follows from the matrix exponential of any
symmetri matrix being positive denite. However, the speiation (2.5) still has many
parameters, making it diult in appliation.
Engle (2002b) introdued a Dynami Conditional Correlation (DCC) model
Qt = S¯ ⊙ (11′ −B −A) +B ⊙ ǫt−1ǫ′t−1 +A⊙Qt−1, (2.6)
where A and B are parameter matries, S¯ is the unonditional orrelation matrix of the
standardized errors, Q0 is the positive denite ovariane matrix, 1 is a vetor of ones,
and ⊙ is the element produt. Equation (2.6) ensures the volatility matrix to be positive
denite. To reeive a valid orrelation matries Rt an be dened as
Rt = diag(Qt)
−1Qtdiag(Qt)
−1.
The main advantage of the DCC model is its parsimony, while a weakness is that all
orrelation proesses are restrited to having the same struture. To avoid this problem a
number of extensions have been proposed (Cappiello, Engle and Sheppard, 2006 and Engle
and Kelly, 2012).
Another strand of literature points towards the importane of modelling slowly hanging
omponents of volatility (Engle and Rangel, 2008). The so-alled 'spline-GARCH' model
allows the daily equity volatility to be a produt of a slowly varying deterministi and
a mean reverting GARCH omponents. Using the spline-GARCH model, Engle, Ghysels
and Sohn (2013) addressed the issue of volatility transmissions aross equity markets. The
general onlusion was that the long run omponent related to industrial prodution and
ination aounted for roughly half of predited volatility. The thesis, however, uses a
dierent method, disussed in the following subsetion, to show that the more onsistent
explanatory fator of volatility is a global news stream.
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2.1.3 Realised volatility
All of the literature disussed previously treats volatility as unobservable quantity that an
be modeled. However, another onept for volatility postulates that so-alled 'historial
(realised) volatility', estimated on the basis of the time series of intra-daily returns, is
a onsistent estimator of integrated variane (Andersen, Bollerslev, Diebold and Labys,
2001). One of the assumptions of this theory is that the logarithm of asset prie an be
represented in a semi-martingale form, giving a number of advantages to this diretion
of researh. In partiular, the jump-robust estimators of bipower variation of Barndor-
Nielsen and Shephard (2006) and Barndor-Nielsen, Hansen, Lunde and Shephard (2008a),
minimum realised volatility of Andersen, Dobrev and Shaumburg (2012), and trunated
realised volatility of Manini (2009) are developed. This is ruial for future researh
as it allows an estimation of volatility, whih an be used in eonometri analysis using
standard regression tehniques. This approah is adopted in Chapters 4 and 5 to analyse
an interation between volatility in the foreign exhange, equity, and bond markets.
When observed volatility estimates are reeived, the investigation of interation be-
tween markets an be undertaken by means of a vetor autoregression (VAR). Melvin and
Melvin (2003) was one of the earliest papers to utilise VAR with realised volatility. To
explore volatility patterns in the foreign exhange markets of Asia, Europe, and the United
States, a high frequeny VAR with 15 minute returns was onsidered by Melvin and Melvin
(2003). The model is estimated for both DM/$ and Yen/$ exhange rates separately and
does not allow volatility spillovers between assets. The nding that own region volatility
spillovers are more signiant (larger in magnitude) than interregional ones implies, using
the terminology of Engle, Ito and Lin (1990b), that heat waves are more important than
meteor showers.
However, due to the fat that markets an interat within a trading day, an intra-day
alendar struture, whih was ignored by Melvin and Melvin (2003), should be taken into
aount. For example, Sims' (1980) natural alendar struture, the Asia-Pai region →
Europe → the United States, an be used. The interrelation between the foreign exhange,
equity, and bond markets an then be estimated by means of the strutural VAR. Within
the bounds of this approah it is partiularly important to examine two ases: a SVAR
for a single asset, and a SVAR for the three interating markets, whih is an extension of
Engle, Ito and Lin (1990b) and Melvin and Melvin (2003).
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Ehrman, Fratzser and Rigobon (2011) utilized a strutural VAR approah to investi-
gate the interation between volatility in the foreign exhange, equity, and bond markets
between Europe and the United States. An innovative part of this paper was the original
approah for identiation of a ontemporaneous matrix through heterosedastiity, instead
of a standard Cholesky deomposition. The authors found the dominane of the United
States market in the three trading zones. Finally, Bush, Christensen and Nielsen (2011)
inorporated information about implied volatility from the option priing formula into the
estimation of realised volatility, whih improved the auray of volatility foreasting in
global foreign exhange, stok, and bond markets. The idea of taking into aount both
historial volatility measures, and unobservable volatility, lays the foundation for the new
reent strand of literature.
The most reent literature targets reoniling GARCH and VAR models with realised
volatility, whih establishes a GARCH-X approah. The ore idea of the GARCH-X model
is that disrete or ontinuous omponents of realised volatility an be inorporated into
a variane equation (Forsberg and Bollerslev, 2002). Historially, the idea of explaining
volatility using a number of exogenous fators was disussed by Engle, Ng and Rothshild
(1990a) in the ontext of a FACTOR-GARCH. In this ase, both variane and mean equa-
tions inlude fators that aet volatility and returns respetively. The GARCH-X model
an be reognized as a FACTOR-GARCH model. Chernov, Gallant, Ghysels and Tauhen
(2003) onviningly showed that at least two fators should be hosen to explain volatility.
A natural extension of the GARCH-X model is the realised GARCH proposed by
Hansen, Huang and Shek (2012). Realised GARCH relates exogenous volatility ompo-
nents to additional stohasti fators. As a result, an additional measurement equation is
inluded in a model in a spirit of stohasti volatility models, whih an be rewritten as
the RealGARCH(1,1)
rt =
√
htzt,
ht = κ+ a1ht−1 + b0xt−1,
xt = b1 + b2ht + τ(zt) + ut,
where rt is the return, xt a realised measure of volatility, τ(zt) is the leverage funtion,
zt ∼ i.i.d (0,1), ut ∼ i.i.d. (0,hu). The last measurement equation relates realised volatility
to the onditional variane of returns. The so-alled 'realised GARCH' of Hansen, Huang
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and Shek (2012) was extended by Hansen, Lunde and Voev (2014) to a multivariate ase.
The multivariate realised GARCH model was applied to a large ross-setion of the United
States stoks and explained a great portion of the time variation in the orrelation struture
of stoks.
To onlude the literature review that onsiders volatility modeling, it should be noted
that a omprehensive overview of univariate models an be found in Bollerslev, Chou and
Kroner (1992) and Engle (2002a), while multivariate models are disussed in detail by
Bauwens, Laurent and Rombouts (2006).
2.2 Volatility transmission
The empirial appliations of volatility models disussed in the previous hapter for global
nanial markets, require partitioning the alender day into spei trading zones (see
disussion in Chapter 1). In the ase of one asset and three trading zones (e.g. Japan,
Europe, and the United States), whih have a natural ordering within eah day (Setion
2.2.1), a 24 hour alendar day an be represented by these trading zones. When volatility
transmits aross dierent asset lasses, but within one zone, the alender restritions are not
required and simple redued form models an be applied (Setion 2.2.2). If there are many
assets and trading zones, ombining of the two ases (international volatility transmission
aross assets) is required, as presented in Setion 2.2.3. The most simple ase, modelling
volatility in a single asset lass within one zone, is disussed rst.
Modelling volatility in a single asset ase within one zone is mainly represented by
univariate (G)ARCH models. The popularity of this lass of models is due to the highly
signiant ARCH eet doumented by Engle and Mustafa (1992) for individual stok
returns. Frenh, Shwert and Stambaugh (1987) analyzed the daily S&P stok index data
from 1928 to 1984 and found a good t of the low order ARCH models. As a result the
low order GARCH models beame a benhmark for volatility modelling in a single asset
(Engle and Ng, 1993 and Glosten, Jagannathan and Runkle, 1993).
Antoniou and Holmes (1995) examined the eet of trading in the FTSE 100 Stok
Index futures on the volatility in the spot market using GARCH models and found that
trading volume explained volatility well. Campbell and Hentshel (1992) used a GARCH
speiation that allowed them to apture asymmetri orrelation between stok returns
and volatility. Applying the model to the United States stok daily returns, Campbell and
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Hentshel (1992) reported that hanging exess returns were driven by hanging volatility
and the remaining omponent of returns was treated as being driven by news about div-
idends. Chou (1988) onrmed the existene of hanging equity premiums in the United
States stok market during 1962-1985. Moreover, Chou's paper found that volatility series
were not stationary and were strongly persistent
4
.
As far as a foreign exhange market is onerned, returns exhibit less strong asymmetry,
and for this reason the standard GARCH model is natural. Using daily data on ve
dierent nominal U.S. dollar rates Hsieh (1988) showed that an ARCH(12) model with
linearly delining lag struture ould apture a high orrelation of squared returns. However,
ndings of MCurdy and Morgan (1988) suggested that the GARCH(1,1) model was more
suitable than the ARCH(12) of Hsieh (1988). Kendall and MDonald (1989) analysed
weekly data for the Australian-United States dollar rate using GARCH(1,1) in mean that
obtained a signiant estimate for the ARCH-M parameter. On the ontrary, MCurdy and
Morgan (1988) did not support a signiant mean-variane eet. Bollerslev and Melvin
(1994) argued the usefulness of transation data in the ase of modelling Deutshmark-
Dollar foreign exhange rates.
In the ase of the bond market Bollerslev, Cai and Song (2000) investigated the dynam-
is of the US Treasury bond futures volatility based on 5 minute returns. The regularly
sheduled US maroeonomi announements had a signiant impat on volatility, even
at the daily horizon. Piazzesi (2005) showed that the announements of the Federal Open
Market Committee (FOMC) were more important for bond market volatility than other an-
nounements. Li and Zou (2008) investigated the impat of poliy and information shoks
on China T-bond returns. Li and Zou (2008) showed that movements of China's market
reated to the major maroeonomi poliy shoks. These results allow for the onlusion
that bond markets are partiularly sensitive to presheduled news announements.
In onlusion, it should be noted that an enormous amount of literature onsiders
volatility in a single asset within one zone, whih an not be exhaustively reviewed here. A
detailed review of the volatility models presented by Engle (2002a) is a good guide in this
area.
4
A detailed disussion of these phenomena is presented in Chapter 5.
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2.2.1 International volatility transmission in individual asset markets
With regard to the literature analysing volatility transmission in a single asset, Engle, Ito
and Lin (1990b) examined international linkages in foreign exhange volatility. Using the
framework of Ito (1987) and Ito and Roley (1987), Engle, Ito and Lin (1990b) partitioned
eah 24 hour period (alendar day) into four disrete trading zones, Asia, Japan, Europe and
the United States, whih have a natural ordering within eah day.
5
Two alternative patterns
in news arrival, and hene, volatility aross these zones, namely the meteor shower and the
heatwave, were then proposed. Volatility in this ase is modeled as a dynami proess using
a GARCH model, the parameters of whih ould be estimated by means of the maximum
likelihood estimation (MLE). The major onlusion that emerges from this line of researh
is that volatility in the foreign exhange market is best desribed as a meteor shower. The
framework of Engle, Ito and Lin (1990b) is extended in a number of diretions in this thesis,
whih is disussed in Chapter 4.
The model of Engle, Ito and Lin (1990b) was reonsidered by Muller et al. (1997) to
investigate the behaviour of the foreign exhange market. The usage of a new heterogeneous
ARCH (HARCH) model by these authors was onerned with the failure of the GARCH
to model an asymmetri eet in volatility. A ore idea of this model is to replae returns
rt on aggregated returns in the equation
rt =
√
htzt, ht = κ+
k∑
j=1
bj
(
j∑
i=1
rt−i
)2
,
in whih ht is a variane of the proess, zt ∼ i.i.d. with zero mean and unit variane, and
κ > 0, bk > 0, bj ≥ 0, for j = 1, ..., k − 1. The unique property of this model is that the
volatility of prie hanges ould be measured over dierent time sales. The parameters of
the model estimated using MLE provides evidene about the strong short-term interrelation
between news and volatility in the foreign exhange market, whih is not present in the long
run. The disussed lines of the researh about volatility in the foreign exhange market lay
down a foundation from the literature regarding volatility patterns in the equity market,
whih is onsidered further.
To examine the volatility patterns in the equity market, most authors use dierent
GARCH modiations. In partiular, Ng (2000) examined the nature of volatility spillovers
5
A two hour Asia trading period is followed by Japan, Europe, and nally the U.S. in non-overlapping
trading periods.
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from Japan and the United States to six Pai-Basin equity markets using a bivariate
GARCH model and ame to the onlusion that all Pai-Basin markets were driven
by shoks from Japan and the United States. Connolly and Wang (2003) estimated the
Glosten-Jagannathan-Runkle (GJR) GARCHmodel with daily stok index returns from the
United States, United Kingdom, and Japan for the sample January 1, 1985 to Deember 31,
1996. They found that the maro news eet was too small to aount for a signiant part
of the return o-movement among the three national markets. However, volatility from the
previous market session exerted a signiant impat on subsequent market volatility, whih
onrmed the meteor shower hypothesis for the equity market. Fernandez-Izquierdo and
Lafuente (2004) also used the GJR-GARCH framework, inluding analysing suh trading
zones as Argentina, Chile, Germany, Hong Kong, Italy, Mexio, Singapore, South Korea,
and Spain. This researh examines the existene of ross-leverage eets between eonomies
during the Asian risis, whih are strongly signiant in all areas. An artile of In, Kim,
Yoon and Viney (2001) was devoted to volatility transmission during the Asian nanial
risis in Hong Kong, Korea, and Thailand. Using a VAR-EGARCH model it was found
that reiproal volatility transmissions existed between Hong Kong and Korea, and unidi-
retional volatility transmission - from Korea to Thailand. This revealed that Hong Kong
had a strong impat on the other Asian markets during the nanial risis in 1997-1998.
The strand of researh regarding volatility modelling for the equity market that does not
use GARCH tehniques is muh more limited. In partiular, a reent artile of Engle, Gallo
and Veluhi (2012) proposed a multipliative error model (MEM) to investigate volatility
patterns in eight East Asian ountries. The ontribution of this artile is twofold. First,
the authors use a daily range
hlt =
√
π
8
(log(hight)− log(lowt))
of Parkinson (1980) as a volatility proxy, in whih hight and lowt are respetively the
highest and lowest pries on the day t. This volatility proxy allows modelling of the impat
of asymmetri eets related to positive and negative market returns, whih is not possible
by means of GARCH. Seond, the nonlinear MEM is apable of aommodating delays
in transmissions of shoks from one market to another through multiperiod foreasts and
impulse response funtions. Forbes (2004) investigated the eet of the Russian risis
in rm-level data using probit models. Results showed that ountry-spei eets were
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generally less important than rm-spei harateristis in the risis period. Another
way to study volatility interdependene is to use the Stohasti Volatility model as in
Harvey, Ruiz, and Shephard (1994) or Aguilar and West (2000), whih provide evidene
for orrelation in volatility for major exhange rates.
Finally, too little attention is paid to analysis of volatility patterns in the bond market.
One example is the Skintzi and Refenes artile (2006), about the dynami linkages among
the major bond markets. The volatility spillovers from the United States bond market and
the aggregate Euro area bond market to twelve European bond markets were examined
using an exponential GARCH model. As found by Skintzi and Refenes (2006), volatility
spillovers from both the aggregate Euro bond market and the United States bond market
to the individual European markets are signiant.
In onluding the analysis of the literature devoted to the volatility patterns for an
individual asset, it should be noted that most of the researh uses GARCH tehniques,
while not enough attention is paid to developing alternative models.
2.2.2 Intrazonal transmission of volatility aross asset lasses
A distintive feature of this strand of literature is disregarding the linkages between oun-
tries. Investigating the interations between assets within one zone is the main task.
By adopting the GARCHmodel to the multivariate ase, Kroner and Ng (1998) explored
the asymmetri o-movements of asset returns in the United States. The main nding
was that large rm returns had signiant impat on the volatility of small rm returns.
Alternatively, Engle (2002b) proposed the use of the Dynami Conditional Correlation
model to investigate the orrelation between the NASDAQ and DOW. As a result, the
indies were strongly interrelated with the orrelation between 0.6 and 0.9.
Booth, Martikainen and Tse (1997) provided evidene of volatility transmission be-
tween dierent Sandinavian stok markets. Moreover, volatility transmission was asym-
metri and spillovers more pronouned for bad than good news. Bush, Christensen and
Nielsen (2011) studied the role of implied volatility in foreasting realised volatility and
jumps in foreign exhange, stok and bond markets in the United States. To deal with
long memory in volatility Bush, Christensen and Nielsen (2011) proposed a heterogeneous
autoregressive model (HAR) with jumps and ontinuous omponents of volatility. It was
found that implied volatility subsumed the information ontent of several realised mea-
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sures in all three markets. Moreover, implied volatility was an unbiased foreast of the sum
of the ontinuous and jump omponents. Finally, the jump omponent of realised return
volatility was preditable. Note that this thesis takes an alternative approah, namely a
frationally integrated model, to deal with long memory in volatility. Suh an approah
allows nonstationary volatility to be assessed, and it an be naturally adopted to the ase
of ointegrating variables, whih makes it preferable ompared to the HAR model.
Some papers onsidered the linkages between stok and bond markets. In partiular,
Campbell and Ammer (1993) and Shiller (1992) reported a positive orrelation between the
United States stok and bond markets. A similar nding of Fleming, Kirby and Ostdiek
(1998) extended these results for the bond market. Other papers investigated volatility
spillovers aross stok and bond markets in the United States using dierent GARCH
models (Sruggs and Glabadanidis, 2003). Connolly, Stivers and Sun (2005) examined
o-movements of implied volatility in daily stok and volatility in Treasury bond markets
in the United States. The key result of Connolly, Stivers and Sun (2005) was that bond
returns were high, relative to stok returns during the days when implied volatility inreased
substantially, and during the days when stok turnover was unexpetedly high. Overall,
the onlusion is that volatility spillovers from bond to stok markets are signiant, but
not in the other diretion.
2.2.3 International volatility transmission aross assets
Despite the fat that in reent deades the globalisation of nanial markets has been
rapid, a limited understanding of how volatility is transmitted internationally aross for-
eign exhange, equity, and bond markets still exists. Fleming, Kirby and Ostdiek (1998)
developed a simple autoregressive model of speulative trading in the stok, bond, and
money markets. These authors found that volatility linkages between markets were strong
and they had beome stronger sine the stok market rash in 1987; however, the harater
of ontemporaneous relations between these markets was not analysed. Using a similar
researh protool, Fleming and Lopez (1999) and Savva, Osborn and Gill (2005) found
that the heatwave hypothesis best desribed the behaviour of volatility in bond and equity
markets, respetively. Both Baig and Goldfajn (1998) and Kaminsky and Reinhart (1999)
onsidered volatility of stok market indies and exhange rates, but eah of these artiles
used dierent data and methods. In partiular, Baig and Goldfajn (1998) undertook a
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short-term analysis for the period 1995-1998 using the orrelation analysis of daily data,
while the approah of Kaminsky and Reinhart (1999) was a probit modelling of monthly
data from 1970 to 1998. It is interesting that both of the artiles reported an inrease in
ross-market orrelations during the risis period. Cappiello, Engle and Sheppard (2006)
dealt with the global equity and bond market by proposing the asymmetri generalized
dynami onditional orrelation (AG-DCC) model to analyse asymmetries in onditional
volatilities. Hakim and MAleer (2010) reported evidene of international spillovers aross
bond, stok, and foreign exhange markets in Australia, Japan, New Zealand, Singapore
and the United States from eah market to all other markets. Moreover, the spillovers
within individual markets were all positive. These results suggest a omplex relationship
between the foreign exhange, equity, and bond markets that ould not be desribed by a
simple meteor shower and heatwave hypotheses, and for this reason suh relations will be
investigated in more detail in the following hapters of this thesis.
More reent literature about multi-asset volatility transmission is devoted to detailed
investigation of sub-harateristis, whih ould potentially hange an inter-zonal volatility.
For example, Andersen (1996), Clark (1973), Ederington and Lee (1993), and Tauhen
and Pitts (1983) linked these sub-harateristis with news arrivals, whih aet volatility.
Dungey and Martin (2007) developed a latent fator model for stok and foreign exhange
markets in 6 ountries, whih related returns with the three main fators, simultaneous
eets of global news on all asset markets in all ountries, an asset market fator of a
partiular lass aross all ountries, and a ountry fator apturing shoks spei to the
asset markets of a partiular ountry. The main result of this paper was that the spillover
eets between the markets were statistially signiant.
Considering the fat that ross-market linkages an be measured by a number of dif-
ferent statistis, (the transmissions of shoks or volatility, the probability of a speulative
attak, the orrelation of asset returns), the question arises regarding dening the funda-
mental onept of interation between markets. One suh onept, whih is widespread in
literature, is ontagion. Forbes and Rigobon (2001, p.44) dened ontagion as a signi-
ant inrease in ross-market linkages after a shok to an individual ountry (or a group of
ountries). Forbes and Rigobon (2002) proposed testing ontagion using orrelation anal-
ysis for stok markets in Hong Kong, Brazil, Canada, Germany, and South Afria. The
results of the paper revealed a high level of o-movement between all markets; however, the
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ontagion eet was not valid for these markets. Instead of orrelation analysis, Edwards
and Susmel (2001) used bivariate swithing volatility models to investigate whether periods
of high volatility were orrelated aross emerging equity markets of Latin Ameria. The
authors found strong evidene of ontagion aross ountries. Diebold and Yilmaz (2009)
proposed a measure of interdependene of volatilities, the spillover index, whih ould be
used to examine ontagion. Their approah foused on variane deomposition of VAR and
ould failitate study of both risis and non-risis episodes. The results of Diebold and
Yilmaz (2009) were extended by Diebold and Yilmaz (2014) who interpreted a variane
deomposition as a measure of the diretional interonnetedness, important in the ontext
of analysing volatility transmissions in global nanial markets.
2.3 News and volatility
A fundamental postulate of nanial eonomis is that asset pries hange beause of un-
expeted information. Due to the seminal results of Ross (1989) it is widely aepted that
the variane of the prie equals the variane of the information ow in the absene of ar-
bitrage. However, sine the provoative nding of Roll (1988), whih showed little relation
between stok pries and news, there has been limited suess in reliably identifying a news
volatility relationship.
In order to eetively analyse volatility, the fators that drive volatility must be un-
derstood. The Mixture of Distribution Hypothesis (MDH) of Clark (1973) and Andersen
(1996), attempts to unearth the underlying fators implying that volatility is related to the
ow of information on the market. Clark (1973) tested the MDH by using volume as a
proxy for information ows to study the relationship between volatility and publi infor-
mation. However, Lamoureux and Lastrapes (1994) found that volume was a poor proxy
for information ow, as it is assumed that volume is exogenous. The question as to why
volatility hanges over time is still open in the literature.
An enormous amount of literature has been devoted to investigating the dependane
of asset pries and fundamental information. Early researh (Shiller, 1981) found little
orrelation between prie hanges and news items. However, more reent studies revealed
the signiant explanatory power of maroeonomi fators in relation to stok returns.
Flannery and Protopapadakis (2002) found that stok market returns were signiantly
orrelated with ination and money growth. Engle, Ghysels and Sohn (2013) showed the
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importane of distinguishing between short-run and long-run movements in maroeonomi
ativity to explain volatility. The main nding of Engle, Ghysels and Sohn (2013) was that
ination and industrial prodution were signiant explanatory fators of volatility. How-
ever, the long-run omponent driven by the eonomi fators aounted for less than half
of the variation in volatility. Andersen, Bollerslev, Diebold and Vega (2007a) examined
the foreign exhange, equity, and bond markets in the United States, Germany, and Great
Britain in the ontext of high frequeny data and with an emphasis on the responses of
volatility to maroeonomi news announements. For their model, they dened standard-
ized news assoiated with indiator k at time t as Newskt = (ANkt−Ekt)/σˆk in whih ANkt
is the announed value of indiator k, Ekt is the market's expetation of indiator k, and
σˆk is the sample standard deviation of the surprise omponent (ANkt − Ekt). A denition
of this indiator allows analyses of dynami news eets as a simple regression of returns on
its lagged values and lagged standardized news (see, p. 258, Andersen, Bollerslev, Diebold
and Vega, 2007a). The results of this model suggest that bad maroeonomi news has a
negative impat on the equity market during ontrations, but a positive impat during
expansions. Paiardini (2014) onentrated an analysis of the impat of eonomi news on
bond pries using a broader set of announements than Andersen, Bollerslev, Diebold and
Vega (2007a). The main nding was that 25 news had a signiant impat on bond returns
and the speed of inorporating this information into pries was less than twenty minutes.
The diulty in identifying news items gives rise to literature that supports a strong
orrelation between news and jumps in prie. In this ase, jumps are extrated from
the prie using well known non-parametri tests (Barndor-Nielsen and Shephard, 2004;
Andersen, Dobrev and Shaumburg, 2012). Lahaye, Laurent, and Neely (2011) extrated
jumps and ojumps (simultaneous jumps aross the assets) from stok index futures, bond
futures, and exhange rates and related them to the United States maroeonomi releases.
Federal funds target announements are the most important news aross asset lasses.
However, a perfet orrelation between jumps and news is hard to support empirially. For
example, Lee (2011) investigated the preditability of jumps in the United States stok
markets. Identifying jumps on the intraday level, Lee (2011) found that jumps were more
likely to our after maroeonomi information releases. Moreover, Gilder, Shakleton and
Taylor (2014) doumented that while an assoiation between jumps in the market portfolio
and ojumps in the underlying stoks existed, detetion of all ommon jumps was diult.
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A strand of researh that explains a news-volatility relationship through private infor-
mation was then onsidered. Albuquerque, Bauer and Shneider (2009) proposed a model
in whih international equity markets were driven by global private information. This
paper showed that trades related to private information were strongly orrelated aross
ountries. Moreover, a ommon global fator aounted for about a half of their variation.
Albuquerque, De Franiso and Marques (2008) onsidered a ase where informed investors
traded on rm-spei and marketwide private information. They onluded that trades
related to market private information displayed little or no orrelation with the order ow.
In another interesting paper, Bhattaharya, Daouk, Jorgenson and Kehr (2000) argued that
developing markets had spei patterns of absorbing publi information. In partiular, the
Mexian stok exhange market did not seem to reat to ompany news. Bhattaharya,
Daouk, Jorgenson and Kehr (2000) explained this phenomenon by a full inorporation of
the information into prie before its publi release.
One news is orretly identied there is more evidene of a strong relationship between
stok prie hanges and news ow. Tetlok's (2008) ndings suggest that linguisti analysis
of media ontent aptures hard-to-quantify aspets of rm's fundamentals, whih investors
quikly inorporate into stok pries. This thesis extends this idea, taking into onsideration
the tone and relevane of news items
6
. By relating the news items to the spei equity
market identied, the information volatility an be estimated. The information volatility
might have a better explanatory power of prie volatility than the number of news, whih
supports the asymmetri reation of volatility to news reported in Nelson (1991). Pasual
and Veradas (2010) related informational volatility with eient prie movements, revealing
that the higher the round-trip osts, the higher the informational volatility. Patton and
Verardo (2012) investigated whether stok betas varied with the release of rm spei news.
The ndings showed that betas inreased on earnings announement days and returned to
their average levels from two to ve days later.
The question of o-integration between volatility and news series in the international
ontext was not disussed in detail in the literature. Note, however, that the approah
proposed in this thesis allows the apture of the volatility-news dynamis in Australia,
6
Engle and Ng (1993) emphasized the asymmetry of the volatility response to news, while Riordan,
Storkenmaier, Wagener and Zhang (2013) pointed to the partiular signiane of negative news messages,
whih indue stronger market reations.
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Europe, and the United States, in the presene of long memory in volatility and news, and
the alender struture of a trading day.
2.4 Long memory in volatility and ointegration
Andersen, Bollerslev, Diebold and Labys (2003) suggested that due to the long memory
in volatility, frational ARMA (ARFIMA) models were more preferable than onventional
VARs. An important onlusion of Andersen, Bollerslev, Diebold and Labys (2003) was
that the long memory, represented by the strong persistene in volatility, should be taken
into aount. On the other hand, volatility series from the dierent markets an share
a ommon stohasti trend, whih is known as ointegration. Cointegration between long
memory series is known as a frational ointegration (ofrationality). Frational ointegra-
tion literature is relatively new and still developing. Aording to the denition in Andersen,
Davis, Kreiss and Mikosh (2009), p. 709, "A olletion of two or more time series, ob-
served at equally-spaed time points, is frationally ointegrated if there exists a non-null
ontemporaneous linear ombination of the series, based on deterministi time-invariant
weights, suh that the linear ombination is less persistent than any of the individual se-
ries, where persistene is measured in terms of the memory parameter, assumed here to be
the same for all of the series." The fat that volatility series are ointegrated implies that the
ARFIMA model is misspeied and a orrespondent error orretion model (ECM) should
be onsidered, whih is disussed by Johansen (2008). In this model the pioneering idea of
Granger (1986) is adopted to the ase of frational ointegration (ofrationality), where a
time series is frational of order d and an error orretion term is frational of order d− d1.
The asymptoti theory for this model was proposed by Johansen and Nielsen (2010, 2012),
while Shimotsu (2012) disussed the advantages of a loal Whittle estimator for a bivariate
ofrational model. The main ontribution of Johansen and Nielsen (2012) was that the
maximum likelihood estimator of a multivariate ofrational vetor error orretion model
was onsistent for d ∈ (0, 1). The likelihood ratio test in this ase an be used to test
hypotheses of interest. The distribution of the likelihood ratio test is χ2 if d1 < 0.5 and a
funtion of frational Brownian motion of type two if d1 > 0.5.
Another property of the volatility series is that it has a (near) unit root. GARCH
models with a unit root are referred to as the integrated GARCH (IGARCH). In this ase
the volatility series has a slowly deaying autoorrelation funtion, whih is alled long
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memory. IGARCH models of Engle and Bollerslev (1986) are formulated imposing the
restritions on the oeients of GARCH models. In the ase of the GARCH(1,1) model,
the restrition is a1 + b1 = 1, so the onditional variane beomes
ht = κ+ b1y
2
t−1 + (1− b1)ht−1. (2.7)
As follows from Nelson (1990), the IGARCH model is stritly stationary and ergodi, but
not ovariane stationary, whih makes asymptoti theory for this model diult. However,
Lumsdaine (1996) showed that standard asymptoti inferene proedures were generally
valid in the presene of IGARCH eets.
To apture long memory in volatility, Hosking (1981) and Granger and Joyeux (1980)
proposed a semi-parametri method to estimate the frational dierening parameter d in
frationally integrated series I(d). The frationally integrated proess yt is generated by
the model
(1− L)d(yt − y0) = ǫt, (2.8)
where y0 is a random variable with a xed distribution, L is a shift operator. In the ase
where yt is nonstationary d > 1/2, if 0 < d < 1/2 yt exhibits long memory. A generalization
of the model (2.8) is the ARFIMA(1,1) that an be written as
Φ(L)(1− L)dyt = Θ(L)ǫt, (2.9)
in whih Φ(L) and Θ(L) are polynomials in the lag operator for AR and MA parts. The
time series model (2.9) an be rewritten in terms of the innite lter, whih reveals the
important properties of the series in the low frequenies that an be useful for foreasting.
Sowell (1990, 1992) showed that all parameters of a long memory ARMA (ARFIMA)
model ould be estimated simultaneously by maximizing the likelihood funtion. Diebold
and Rudebush (1989) is one of the rst appliations of ARFIMA, whih examines per-
sistene in the United States aggregate output. Long memory is doumented for major
maroeonomi shoks.
Moreover, the important part of the ARFIMA methodology is a sensitivity analysis of
the markets to external shoks, whih an be naturally undertaken to estimate the impulse
response funtions (IRF) for eah of the markets in eah ountry. In the presene of long
memory, volatility IRFs do not die out after a relatively short period of time (Baillie, Chung
and Tieslau, 1996a). This pattern, related to the slow hyperboli rate of deay, is onsistent
with the near unit root property of volatility.
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An alternative approah for modelling long memory, whih does not require estimating
the frational dierening parameter, was used by Ding, Granger and Engle (1993) and
Ding and Granger (1996). These papers showed that the absolute stok market returns
had long memory. Ding and Granger (1996) proposed a two omponent GARCH model
that ould apture long memory. The basi idea was to represent onditional volatility as a
weighted sum of the long term and the short term variane omponents. Granger and Ding
(1996) ame to the onlusion that the generalized ARFIMA ould suessfully apture
long memory in the S&P 500 absolute returns.
Hassler and Wolters (1995) investigated ination rates in dierent European ountries,
extending long memory models to the international ontext. However, Hassler and Wolters
(1995) treated eah ountry separately, and did not examine ountry linkages. The paper by
Andersen, Bollerslev, Diebold and Labys (2003) proposed a three-variate ARFIMA model
for foreign exhange market volatility. The proposed model was partiularly useful for fore-
asting realised volatility in the international ontext. However, they did not estimate all
parameters of the model simultaneously, separating estimation of the frational dierening
parameter. Suh a limited approah was reonsidered by Shimotsu (2007) who proposed a
Gaussian semiparametri estimator of a multivariate frationally integrated proesses.
Another strand of literature is related to onsidering the GARCH eet in an ARFIMA
model (Bollerslev and Mikelsen, 1996). The so-alled FIGARCH(1,d,1) model is
ht = κ+
[
1− a1L− (1− b1L− a1L)(1− L)
d
1− L
]
ǫ2t + a1ht−1, (2.10)
where
(1− L)d =
∞∑
j=0
Γ(j − d)
j! · Γ(−d)
and Γ(·) is the gamma funtion. The model presented in (2.10) is an extension of IGARCH
from (2.7) when a1 + b1 = 1 and d = 1. Baillie, Chung and Tieslau (1996a) applied
ARFIMA-GARCH to desribe ination in ten ountries. It is interesting to note that Japan
appears to have stationary ination with short memory, while ination in other G7 ountries
has long memory. Hurvih, Moulines and Soulier (2005) disussed a more general model
whih inluded ARFIMA-GARCH and long memory stohasti volatility models as speial
ases. In this ase, the loal Whittle estimator is onsistent and asymptotially normal if a
frational parameter d ∈ (0, 3/4). Moreover, a test for long memory in volatility, whih has
a higher loal power than one based on the estimator of Geweke and Porter-Hudak (1983), is
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proposed. The asymptoti results of Shao and Wu (2007) provided a theoretial justiation
of the ndings in simulations that the loal Whittle estimator was robust to onditional
heterosedastiity. These important results allow the use of the ARFIMA-GARCH model
for investigating volatility transmissions in global nanial markets.
Another aspet of international volatility modelling is related to the struture of a
global trading day. This struture an be taken into aount using the strutural vetor
ECM (SVECM) disussed by Pagan and Pesaran (2008). These authors were partiu-
larly interested in the problem of identifying SVECM. Note, the SVECM is also useful for
investigating volatility spillovers, as disussed in Chapter 5.
Literature whih applies the VECM model to investigate a presene of ommon stohas-
ti fators is very limited. For example, Baillie and Bollerslev (1994) tested the presene of
unit root for seven daily spot and forward exhange rates series. At the 1% level they ould
not rejet the hypothesis that six stohasti trends were present, whih meant that only
one long-run equilibrium relationship existed. Baillie and Bollerslev (1996b) revisited these
ndings and found that the foreign exhange series had long memory and for this reason
a more detailed investigation was required, as the exhange rates might be tied together
through a long memory proess. This problem is addressed in this thesis. Bandi and Perron
(2006) reonsidered the relationship between implied (VIX CBOE) and realised volatility
(S&P 100), whih an be estimated, implying frational ointegration. A presene of a long
term one-to-one omovement between volatility series was reported.
In summary, the results for this part of literature review note, that although there have
been some signiant ahievements in modelling volatility as a near unit root proess, there
remains sope for further researh in this area.
2.5 Point proesses in nane
As follows from the Setion 2.2.1, a 24-hour alendar day an be represented by disrete
non-overlapping trading zones (Engle, Ito and Lin, 1990b). However, as noted by King
and Wadhwani (1990), news releases ourring during the overlapping trading hours play
an important role. In partiular, the period of early opening of the United States market,
8:30-10:30 (Central Standard Time), is haraterized by a prominent rise in trading volume.
During this two hours period, the E-mini futures ontrats are traded eletronially. These
ontrats have experiened large growth in the past few years. Moreover, Hamao, Masulis
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and Ng (1990) found that trading was more informative during these hours, whih had an
impat on prie disovery and volatility. For this reason, an investigation of interation be-
tween the United States and European markets, when both of them are open, is partiularly
interesting. The standard methods onsidered in the previous setions are mainly aimed at
apturing orrelation in disrete data on the daily level, and not suitable for dealing with
transations data. This data requires the spei approahes disussed below.
Sine the seminal papers of Hasbrouk (1991) and Engle and Russell (1998), the mod-
elling of nanial transation data has been an important topi in nanial eonometris.
This strand of literature is also referred as "high frequeny nane/eonometris". Prop-
erties of this data, suh as the irregular spaing in time, the presene of strong intraday
seasonalities, or strong persistene, should be taken into aount. The irregular ourrene
of transation data an be modeled as a point proess. In this ase, the inter-event waiting
times an be modeled diretly, or the probability of an event within a small period of time
(intensity) an be analysed. The literature related to these two approahes is disussed in
this setion.
A prevailing model, whih reognizes an irregularly spaed property of data, implies
an autoregressive onditional struture of durations (Engle and Russell, 1998), whih is
essentially a GARCH like model for durations instead of returns. More speially, the
seasonally adjusted durations yt are modeled as
yt = Ftǫt, (2.11)
where Ft denotes a funtion of the past durations and ovariates and ǫt is an i.i.d. random
variable. If ǫt is dened by a standard exponential distribution, equation (2.11) denes
the exponential ACD model. A ommon hoie of the form of Ft is a linear ARMA stru-
ture, while alternative forms, suh as the logarithmi ACD of Bauwens and Giot (2000) or
frationally integrated ACD of Jasiak (1998), have also been proposed.
The ACD model was applied by Engle and Russell (1997) to transations data of the
foreign exhange market and extended in many respets (Zhang, Russell and Tsay, 2001
- a nonlinear ACD; Fernandes and Grammig, 2006 - an augmented ACD; Chen, Diebold
and Shorfheide, 2013 - a Markov-swithing multifratal duration model; Czado and Haug,
2010 - ACD with an exponential ontinuous time GARCH proess). Renault, Van der
Heijden and Werker (2014) emphasized the importane of strutural modelling for dura-
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tions between events and assoiated marks. While onsiderable progress has been made
in univariate ACD modelling, a multivariate extension was problemati due to the di-
ulty of speifying the joint onditional probability of durations and relevant transation
harateristis (ovariates). Moreover, Deo, Hurvih, Soulier, and Wang (2009) showed that
memory from durations propagates to ounts and to realised volatility and under some mild
onditions ACD(1,1) yielded short memory in ounts, whereas any long memory stohas-
ti duration model yielded long memory in ounts. For this reason, the intensity-based
approah, whih is an alternative to ACD, is more natural in the multivariate ase.
As durations are inversely related to intensity, an alternative approah is to speify the
intensity of transations diretly. Russell (1999) proposed the autoregressive onditional
intensity (ACI) model to investigate the dynami struture of a limit order book. Russell's
model is represented by the onditional n-variate intensity λk(t) as
λk(t) = Φ¯kN(t)+1λ
k
0(t)s
k(t), k = 1, ..., n,
where Φ¯kN(t)+1 aptures the dynamis of the model, λ
k
0(t) is a baseline intensity omponent
apturing the deterministi harater of intensity, N(t) is a ounting proess, and sk(t)
is a deterministi funtion that aptures seasonality. To ensure the non-negativity of the
proess Φ¯ki is speied as
Φ¯ki = exp
(
Φ˜ki +M
′
i−1a
k
)
,
where Mi denotes a vetor of explanatory variables observed at time ti and a
k
is the orre-
sponding vetor of parameters. An advantage of the intensity approah is that additional
onditioning on the history of some other ontinuous time proesses is straightforward.
Bauwens and Hautsh (2006) extended the ACI by adding a latent ommon dynami fator
that jointly drives the individual intensity omponents. Engle and Lunde (2003) proposed
a bivariate point proess model to jointly analyze trade and quote arrivals, whih revealed
that pries respond more quikly to trades when information is owing. However, the
model of Engle and Lunde (2003) does not allow for the impat of the information ow on
trading ativity to be quantied. This is an important potential area for researh, whih is
addressed in Chapter 7.
An important lass of point proesses was developed by Hawkes (1971a). Hawkes
(1971b) proposed a model that allows modeling self- and ross-exitation implying the
intensity depends on the path of the point proess. In the univariate settings the Hawkes
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proess is given by
λ(t) = ϕ(µ(t) +
∑
ti<t
g(t− ti)),
where ϕ is a possibly nonlinear funtion, µ(t) denotes a deterministi funtion of time,
and g(s) is a weighting funtion. Stability onditions for nonlinear Hawkes proesses are
derived by Bremaud (1981). The most popular parametrization of g(t) proposed by Hawkes
(1971b) is
g(t) = α˜ exp(−β˜t),
in whih α˜ and β˜ are model parameters. An alternative parametrization is a hyperboli
(power law) kernel
g(t) =
κ3
(t+ κ1)κ2
,
with parameters κ1, κ2, and κ3. This weighting funtion allow the apture of long range
dependene. A more exible weighting sheme represented by Laguerre polynomials
g(t) =
∑
k
α˜kt
k−1
exp(−β˜t),
was used by Ogata, Akaike and Katsura (1982). The exibility of this kernel is oupled
with more parameters, whih are diult to estimate within the likelihood framework. In
Chapter 7 of this thesis, the exponential kernel is hosen as the most parsimonious, whih
is ruial in the ontext of multivariate models.
The Hawkes model has beome popular in the literature and was extended by Dassios
and Zhao (2011) - dynami ontagion; Wang, Bebbington, and Harte (2012) - Markov-
modulated Hawkes proess; Ogata and Zhuang (2006) - spae-time epidemi type aftershok
sequene models. Ait-Sahalia, Caho-Diaz and Laeven (2014) used a Hawkes proess to
model nanial ontagion in the international equity market using an exponential memory
funtion. Ogata and Akaike (1982) showed that modeling a memory kernel by Laguerre
polynomials was a exible approah to approximate impulse responses. Bary and Muzy
(2014) developed a nonparametri proedure to estimate a kernel of the Hawkes model.
Their approah used the seond order harateristis of the point proess and was restrited
to the ase without marks. Moreover, Bary and Muzy (2014) found that a power low kernel
was more suitable for EuroStoxx data than an exponential kernel.
One the parametri models are onsidered, the issue of non-parametri modelling is
raised. A non-parametri model of the relationship between nanial events is a relatively
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new and growing area. Therefore, the tehnial results whih preede the nanial strand
of literature are disussed. Brillinger (1976) proposed modeling an independene of point
proess by estimating their seond order produt densities. This paper showed that the
square root of produt density of two point proesses had a normal distribution and did not
depend on the proesses, whih allowed testing of the hypothesis of interrelation between
the spike trains. White and Boashash (1990) proposed using a joint time-frequeny analysis
to estimate oherene of point proesses. The oherene of non-stationary signals was also
used by Ombao and Van Bellegem (2008) in a medial ontext. Solo and Pasha (2012)
developed a test for independene between a point proess and an analogue signal. Finally,
Huth and Abergel (2014) investigated a lead-lag relationship in dierent asset lasses using
the asynhronous orrelation indiator of Hayashi and Yoshida (2005). Huth and Abergel
(2014) found that the lead-lag relationship between transations hanged signiantly when
irregular timing of data was taken into aount.
Estimating prie volatility using transation data has beome partiularly meaningful
sine Engle (2000), who proposed the use of a GARCH framework for ultra high frequeny
data. Engle and Russell (1998) found that the onditional volatility per seond ould be
represented by the ratio of the underlying intensity of the proess and the orrespondent
squared prie, whih is
σ2(t) = lim
∆→0
1
∆
E
[(p(t+∆)− p(t)
p(t)
)2∣∣∣Ft] = λ(t)[ dp
p(t)
]2
,
where p(t) is the midquote prie at t, Ft is a natural ltration (history) of the proess,
and λ(t) is the onditional intensity of midquote hanges. This result was revisited in
the univariate ase by Bos, Janus and Koopman (2012) who reported the spot variane
ould be onsistently modeled by the derivative of the integrated variane when intraday
periodiity, jumps, and mirostruture noise were taken into aount. Tse and Yang (2012)
argued that the intraday volatility of a stok ould be reovered from the ACD model by
integrating the onditional return variane per unit time. When it omes to a multivariate
ase, Stelzer (2010) proposed handling the irregularly spaed data using a ontinuous time
(CO)GARCHmodel, driven by a multivariate Levy proess and the latent ovariane matrix
diretly speied as a stohasti proess in the positive semidenite matries. A natural
extension of the (CO)GARCH is a stohasti volatility model of Barndor-Nielsen and
Stelzer (2013), whih allows for a more exible parametrization of volatility.
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2.6 Conlusion
Summarizing the literature review hapter, there have been a large number of signiant
ahievements in modelling volatility in the international ontext; however, there is a sope
for further researh. There are three main areas of researh requiring more detailed inves-
tigation, whih will be addressed in the following hapters of the thesis.
While the reent important ontributions of applying frational ointegration models
to volatility are related to the proof of asymptoti properties of a frational dierening
parameter, the empirial appliations of these models are not widely disussed in the liter-
ature. One of the main advantages of these models is that stationarity of volatility series
is not assumed a priori and estimated endogenously.
Reent ahievements in textual analysis of nanial news stories has given rise to a
voluminous body of researh explaining stok market pries by publi information. Quan-
titative information about news is analysed in the literature using suh basi tehniques as
linear regressions and orrelations. However, this thesis shows that news series an be a
long memory proess. In this ase, more omprehensive frational error orretion models
should be used.
Given ultra-high-frequeny (transation) data, the theory of point proesses an be
applied in nane. It was doumented in Setion 2.5 that widely used duration and intensity
models rely on strong parametri assumptions. This dissertation shows that the umulant
based analysis of interation between market events does not require strong parametri
assumptions and allows apturing the lead-lag relationships between zones.
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3 Data
This hapter disusses the data set used for the empirial analysis in the following hap-
ters. Setion 3.1 analyses institutional features of the foreign exhange, equity and bond
futures markets. Setion 3.2 is devoted to establishing a global trading day and alulating
intradaily returns for dierent zones and dierent asset lasses. Setion 3.3 disusses re-
alised volatility measures and their estimates. In Setion 3.4 the news data and their basi
harateristis are analysed. Setion 3.5 reports the transation data set for equity markets
that is used in Chapter 7.
3.1 Institutional bakground
In this setion some of the institutional features of futures ontrats, used in the empirial
study of this thesis, are examined. In partiular, the foreign exhange, equity, and bond
futures ontrats, traded in the Asia Pai, European, and the United States regions are
onsidered. These futures are standardised to ensure that ontrats are traded and pried.
The standardisation requires that the type of asset that is overed by the ontrat is learly
dened. For example, a Japanese Yen futures ontrat traded on the Chiago Merantile
Exhange (CME) allows for the delivery of 12,500,000 Yen per ontrat. Eah traded
futures ontrat on an asset provides for the delivery of a speied quantity of the asset.
For instane, an S&P 500 futures ontrat traded on CME requires the delivery of 250$
times S&P 500 index at the ontrats expiration. The main purpose of the standardisation
is to ensure that the futures ontrats are perfet substitutes for eah other, whih allows
parties to a futures ontrat to lose their positions.
In futures markets, pries are only permitted to rise or fall by a ertain perentage
per trading session, whih is partiularly important for urreny futures. For instane,
the daily prie movement limit on Australian dollar futures ontrat on the CME is 400
tiks
7
. If the prie of the ontrat drops or inrease by the amount of the prie limit,
trading is generally postponed for the day. The rationale for introduing prie limits is
to prevent pani buying or selling on an asset, based upon faulty information, and to
prevent overreation to real information. It is argued that by permitting investors more
time to reat to extreme information, the prie reation is more rational. The problem with
7
One tik is equal 0.0001 ent.
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prie limits, however, is that they do not disriminate between rational and irrational prie
movements. Consequently, prie limits an restrit investors liquidity and slow down the
proess of prie adjustment.
A futures agreement does not require payment to be made by the seller or buyer and
the seller does not have to show proof of physial ownership of the asset at the time of
the agreement. However, in order to ensure that the parties of the futures ontrat fulll
their sides of the agreement, they are required to deposit funds in a margin aount. The
amount that has to be deposited at the time of the ontrat is alled the initial margin.
As pries move subsequently, the prots or losses are posted to the investor's aount. The
investor is allowed to withdraw funds in the margin aount in exess of the initial margin.
Table 3.1 summarises prie limits and ontrat speiations for the futures ontrats used
in the thesis. These harateristis dene the institutional bakground to trading in these
markets.
Table 3.1: Futures ontrats: desription, prie limits and margins.
Contrat Exhange Speiations Tik value Initial margin Daily limit
FX
Yen-Dollar CME 12,500,000 $6.25/0.0000005 $2,860 400 tiks
Equity
E-mini S&P 500 CME 50$×S&P 500 Index $12.50/0.25 Pts $5,060 from 5%
DAX 30 Eurex 25e×DAX Index e12.50/0.5 Pts e15,750 20%
TOPIX 100 TSE 25U×TOPIX Index U5,000/0.5 Pts U10,000 from ±30U
ASX 200 ASX 25A$×ASX 200 Index A$50/0.05 Pts A$1,000 none
Bonds
T-Bond (10) CME $100,000 $31.25/1/32 Pts $1,000 none
Bund Eurex e100,000 e10/0.01 Pts e3,530 none
JGB JPX U100 millon U0.01 U540,000 none
Most futures ontrats an be pried on the basis of arbitrage, in partiular, a range of
pries an be derived at whih investors are not able to reate positions involving the futures
ontrat and the underlying asset that generate riskless prots without initial investment.
The following disussion is aimed to examine the priing relationships for futures ontrats
traded in foreign exhange, equity, and bond markets.
51
Futures on stok indies have beome an important and growing part of most nanial
markets. To evaluate the arbitrage priing of an index future, onsider the following strate-
gies: sell short on the stoks in the index for the duration of the index futures ontrat
and sell the index futures ontrat. This arbitrage is onditional on several assumptions.
First, it assumes that investors an lend and borrow at the riskless rate. Seond, it ignores
transation osts on both buying and selling stoks. Third, it assumes that the dividends
paid on the stoks in the index are known with ertainty at the start of the period. If these
assumptions are violated, the index futures arbitrage is feasible only if pries fall outside a
band, whih should be xed.
Foreign exhange futures were the rst nanial futures traded on organized futures
exhanges. Futures ontrats written on the European Union's Euro and the Japanese yen
are the most atively traded. The fore of arbitrage means that the foreign exhange rate
must be related to the spot rate via the domesti and foreign interest rates. In this ase an
investor an build dierent strategies to exhange one urreny to another. The proess of
arbitrage will push down futures prie towards the equilibrium prie.
The treasury bond futures traded on the CBOT require the delivery of any government
bond with a maturity greater than fteen years, with a no-all feature for at least the rst
fteen years. Sine bonds of dierent maturities and oupons an have dierent pries,
the CBOT has a proedure for adjusting the prie of the bond for its harateristis. The
onversion fator is fairly simple to ompute and is based upon the value of the bond on the
rst day of the delivery month. Calulating the onversion fator is diretly related to an
arbitrage rule. After the United States, the JGB market is the seond largest government
bond market in the world. The largest segment of the JGB market is represented by the
ten-year ontrats that are used in the empirial analysis of the thesis.
As follows from the disussion of priing mehanisms, both foreign exhange and bond
futures markets are suseptible to utuations of interest rates, and therefore has a signi-
ant amount of interest rate risk. While interest rate risk fators are dierent within these
markets, it is expeted that estimates of volatility should be dierent aross the regions
of the market. The equity futures markets are more sensitive to the global fators, whih
suggests that Japanese, Australian, European and the United States equity markets an
exhibit similar patterns in volatility. This onjeture is disussed in the following hapters.
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3.2 Returns
The entral purpose of this researh is to explore volatility linkages between important
nanial markets, and also between the main nanial hubs of the global foreign exhange,
equity, and bond markets, namely, Asia Pai, Europe, and the United States. To ahieve
this, it is neessary to onstrut a omprehensive data set apturing the volatility of these
asset markets and trading zones. Consequently, a data set was olleted omprising high
frequeny (10 minute) data
8
for the foreign exhange, equity and bond markets for eah of
the three regions, Asia Pai, Europe and the United States. The data was gathered from
the Thomson Reuters Tik History database and overs the period from 4 January 2005 to
28 September 2012. Speially, the following 10 minute losing prie series were olleted:
1. Yen-Dollar United States futures ontrats traded on the Chiago Merantile Ex-
hange (foreign exhange market);
2. Japanese JGB, German Bund, and the United States 10 year Treasury bond futures
ontrats (one of the most traded seurities in the bond market (Fleming and Lopez,
1999));
3. S&P 500, DAX 30 (Europe), TOPIX 100 (Japan), and ASX 200 (Australia) futures
ontrats (equity markets).
Eah of these instruments is traded ontinuously (23 hours per alendar day) exept
ASX 200, whih is traded from 11pm to 5am (GMT)
9
. Following the standard approah in
the literature (Andersen, Bollerslev, Diebold and Labys, 2003), days where one market is
losed are eliminated, as are publi holidays or other oasions when trading is signiantly
urtailed.
This high-frequeny data set on futures ontrats is used to onstrut returns to the
instruments in eah of the three trading zones. The protool of Fleming and Lopez (1999)
to delimit the global trading day is adopted, in whih the Asia Pai trading zone is
dened as 11pm to 7am GMT, the European trading zone is taken to be 7am to 12:30pm
GMT and the United States zone is 12:30pm to 9pm GMT.
8
The sampling interval was hosen aording to volatility signature plots that are disussed in the
following setion.
9
In the following disussion only the Australian data set is represented by the standard futures ontrats.
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The setup may be illustrated as follows:
Asia Pai Europe U.S.︷ ︸︸ ︷
11pm · · · 7am
︷ ︸︸ ︷
7am · · · 12 : 30pm
︷ ︸︸ ︷
12 : 30pm · · · 9pm
︸ ︷︷ ︸
One Trading Day
Note that the period represented by Engle, Ito and Lin (1990b) as the Asian trading that
starts 2 hours prior to Japan opening is replaed here by Australia. As a result, the
Australian zone is dened from 11:00pm to 5:00am (GMT), while Japanese trading zone
is from 12:00am to 7:00am (GMT). Note that both Japanese and Australian trading zones
are not overlapped with Europe.
A seond and possibly more important point, onerns the deision to start the United
States zone at 12:30pm GMT, whih is 7.30am in the eastern United States. This hoie
was motivated by Dungey, Fakhrutdinova and Goodhart (2009), who dened an additional
trading zone, 12:30pm to 2:15pm GMT, immediately prior to the market opening in the
United States. Although this period overlaps with late trading in Europe, it is assoiated
with a signiant inrease in trading ativity immediately before pit trading in Chiago
begins, and therefore it is reasonable to assume that the inreased trading ativity is related
to United States news. Consequently, this period is simply subsumed into the United States
trading zone.
The denition of the United States zone from 12:30pm to 9:00pm (GMT) assumes that
there is no overlap between Europe and the United States during these hours. However,
FTSE futures ontrats are traded in the London Stok Exhange until 16:25pm (GMT),
whih means that there is an overlap in trading between Europe and the United States.
There is a limited support of the assumption about subsuming the overlap period into
the United States trading zone in the literature. For example, Alsayed and MGroarty
(2014) found that the S&P 500 ontrats lead the FTSE 100 ontrats between 08:30am
and 8:30pm (GMT). This assumption is revisited in Chapter 7.
The struture of trading zones is supported by the plots in Figure 3.1, whih illustrate
the diurnal pattern in average trading volume in the foreign exhange, equity and bond
markets over the sample period 4 January 2005 to 28 September 2012.
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Volume in the bond market
Figure 3.1: Average volume in S&P 500, United States 10 year Treasury bond, and Euro-
Dollar futures ontrats for the period 4 January 2005 to 28 September 2012. The horizontal
axis is GMT and the pre-opening trading period (12:30 to 14:15 GMT) in the United States
is highlighted.
The gure reveals similar patterns for all three markets: low volume during the Japanese
trading hours, an inrease in trading ativity after the opening in Europe (7:00 GMT) and
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a signiant inrease in volume after the beginning of trading in the United States (12:30
GMT). The shaded regions represent the 12:30pm to 2:15pm GMT pre-opening period,
showing the dramati inrease in trading ativity in antiipation of the opening of the
Chiago market.
Following Engle, Ito and Lin (1990b), eah zone return is alulated as the dierene
between the last and the rst transation prie within the same alendar day, normalized
by the length of the day. The returns an be expressed as
Rit = (lnPC
i
t − lnPOit)/
√
T it , (3.1)
in whih, PCit is a losing prie in zone i on day t, and PO
i
t is an opening prie in zone i
on day t, and T it is the duration of trading in zone i on day t measured in hours. Returns
in eah region are omputed for eah of the 1696 trading days.
Table 3.2: Desriptive statistis multiplied by 1000 for daily estimates of the returns from
(3.1) in the foreign exhange, equity and bond markets in Japan, Australia, Europe and
the United States. ARCH is a p-value (H0: no ARCH eets) for an ARCH test of Engle
(1982).
Mean Std. Min. Max. Skew. Kurt. ARCH
FX
Japan 0.023 1.035 -4.851 5.588 -0.003 5.695 0.000
Europe -0.074 1.581 -10.62 6.789 -0.290 6.079 0.000
U.S. 0.058 1.587 -7.756 9.622 0.071 5.344 0.000
Equity
Japan -0.130 3.782 -27.90 26.63 0.048 11.16 0.000
Australia -0.093 2.799 -13.73 32.46 1.157 17.49 0.006
Europe 0.062 3.578 -19.60 24.21 0.213 7.150 0.000
U.S. -0.127 4.059 -31.46 26.03 -0.846 11.87 0.000
Bond
Japan -0.007 0.658 -4.955 5.816 -0.320 10.53 0.000
Europe 0.004 1.005 -6.157 4.674 -0.653 7.256 0.000
U.S. 0.049 1.123 -5.532 5.526 -0.098 4.706 0.000
Desriptive statistis for the returns from eah zone are presented in Table 3.2. Con-
sistent with prior expetations, bond markets have lower average returns and volatility
in terms of standard deviation than equity returns. While bond returns during Japanese
trading and equity returns in the United States exhibit negative means, they are not sig-
niantly dierent from zero, given the large degree of volatility. Turning to the higher
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moments, none of the series exhibit large degrees of skewness. On the other hand, all
markets exhibit exess kurtosis, with equity returns being by far the most kurtoti, with
the exeption of bond returns in the European zone. Volatility lustering is a well known
empirial phenomenon in nanial asset returns. The standard test for ARCH eets of
Engle (1982) indiates that all of the series demonstrate strong ARCH eets at the 1%
level.
3.3 Realised volatility
The high-frequeny returns data is now used to onstrut time series of realised volatility
(Anderson, Bollerslev, Diebold and Labys, 2001, 2003). For the purposes of estimating
volatility and its assoiated omponents, a jump-diusion proess for the logarithm of
prie is dened,
dp(t) = ζ(t)dt+ σ(t)dW (t) +M(t)dN(t),
in whih ζ(t) is a drift proess, σ(t) is a positive stohasti volatility proess, dW (t) is
the inrement of a Wiener proess and N(t) is a ounting proess with intensity λ(t),
t = 1, ..., T . P[dN(t) = 1] = λ(t) and M(t) reets the size of disrete prie jumps. It is
well known that realised variation (ommonly known as realised volatility) is dened as
RVt(∆) ≡
1/∆∑
j=1
r2j,t, (3.2)
whih is the sum of intraday squared returns and onverges to the quadrati variation
QVt =
 t
t−1
σ2(s)ds +
∑
j
M2j,t. (3.3)
The proxy for volatility in equation (3.3) inludes ontributions from both the ontin-
uous and jump omponents of pries. Anderson, Bollerslev and Diebold (2007b), however,
demonstrated that information pertaining to future volatility was best aptured by the
persistent diusive omponent of volatility. Therefore, using the diusive omponent re-
alised volatility, is likely to provide more reliable estimates of volatility linkages. As these
linkages are the primary fous of this researh, a neessary prerequisite is a reliable method
for estimating a ontinuous diusive proess.
A number of methods exist to eet this alulation and provide volatility indiators
that are robust to jumps, the earliest of whih is the bi-power variation (Barndor-Nielsen
57
and Shephard, 2004, 2002), given by
BVt(∆) ≡ π
2
(
1
1−∆
) 1/∆∑
j=2
|rj−1,t||rj,t|. (3.4)
As this measure onverges to integrated volatility, it is possible to deompose the total
volatility into the ontribution from jumps,
RVt(∆)−BVt(∆)→
∑
j
M2j,t. (3.5)
An important result that follows from equations (3.4) and (3.5) is that by onstrution,
the bi-power variation an be used as an estimator of quadrati variane robust to jumps.
Ait-Sahalia, Jaod and Li (2012) and Manini (2009) proposed two alternative estimators.
These are trunated realised volatility, given by
TRVt(∆, un) ≡
1/∆∑
j=1
r2j,t · 1{|rj,t|≤un},
and trunated power variation
TPVt(∆, un, k) ≡
1/∆∑
j=1
|rj,t|k · 1{|rj,t|≤un},
in whih un = ι∆
̟
is a suitable sequene going to 0, ι > 0, ̟ is an arbitrary onstant, and
k ≥ 2 is a positive integer.
Of ourse, in pratie suitable hoies for α and ̟ must be provided. Todorov, Tauhen
and Grynkiv (2011) argued that ι = 3
√
BVt+1 and ̟ ∈ (0, 1/2) and these onditions were
intuitively reasonable. However, it is neessary to note that in hoosing these parameters
there is a risk of throwing away many Brownian inrements, whih makes it diult to use
this method in pratie.
To start with, the intra-daily returns at the frequeny ∆ for eah trading zone are
alulated as
rij,t(∆) = log p
i
j,t − log pij−1,t,
in whih pij,t is the ten-minute prie in zone i on the day t and in the time interval j.
One the intra-daily returns are available, a daily realised volatility for eah zone i is easily
omputed as a sum of the squared intra-day returns
RV it (∆) ≡
1/∆∑
j=1
(rij,t)
2. (3.6)
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In order to ease the notation, the supersript i is suppressed in all subsequent disussion
of realised volatility.
To extrat the jump omponent of realised volatility at the frequeny ∆, the minimum
realised volatility estimator
MinRVt(∆) ≡ π
π − 2
(
1
1−∆
) 1/∆∑
j=2
min(|rj,t|, |rj−1,t|)2
of Andersen, Dobrev and Shaumburg (2012) is used. This jump robust estimator provides
better nite sample properties than the well known bi-power variation of Barndor-Nielsen
and Shephard (2002). Based on the asymptoti results of Barndor-Nielsen and Shephard
(2004, 2006) and using the fat that
10√
1
∆
(
MinRVt+1 −
 t+1
t
σ2(s)ds
)
stableD→ MN
(
0, 3.81
 t+1
t
σ4(s)ds
)
,
statistially signiant jumps are identied aording to
Zt(∆) ≡ [RVt(∆)−MinRVt(∆)]/RVt(∆)
[1.81∆max(1,MinRQt(∆)/MinRVt(∆)
2)]1/2
∼ N(0, 1),
where MinRQ is a minimum realised quartiity
MinRQt(∆) ≡
π
∆(3π − 8)
(
1
1−∆
) 1/∆∑
j=2
min(|rj,t|, |rj−1,t|)4.
Signiant jumps at an α¯ level of signiane are identied as
Jt(∆)(Z) ≡ 1[Zt(∆) > Φ1−α¯] · [RVt(∆)−MinRVt(∆)]. (3.7)
Following Huang and Tauhen (2005) and Evans (2011), the level of signiane α¯ = 0.999
is hosen.
The ontinuous omponent an be onsistently estimated by minimum realised volatility
MinRVt, but to maintain the property that the sum of the ontinuous and jump omponents
is equal to realised volatility, the ontinuous omponent is dened by
CCt(∆) = RVt(∆)− Jt(∆)(Z).
10
See proposition 2 and 3 in Andersen, Dobrev and Shaumburg (2012), p. 78.
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Figure 3.2: Volatility signature plots (saled by 1000) for the foreign exhange, equity and
bond markets in Japan, Europe and United States, respetively. The daily estimate of
realised volatility for the period 4 January 2005 to 28 September 2012 is omputed using
equation (3.2). The sampling frequeny k is measured in minutes.
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There are a wide variety of estimators of asset prie variation onstruted from high-
frequeny data (so-alled realised measures) available to hoose from. Following the evi-
dene presented by Patton, Liu and Sheppard (2013) that it is diult to beat the simple
realised variane (RV) estimator, it is this estimator whih is used here.
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Figure 3.3: Minimum realised volatility, orrespondent jump estimates (saled by 1000) and
autoorrelations for the foreign exhange market during Japanese, European, and United
States trading hours, respetively, for the period 4 January 2005 to 28 September 2012.
To ompute realised volatility, a validation of the hoie of 10-minute frequeny should
be made. This an be done using volatility signature plots of eah of the assets. The
signature plots represent average realised volatility against sampling interval k. If k = 1, the
volatility series are omputed using 1 minute returns, for k = 2 average realised volatility is
omputed using 2 minute returns, and so forth. Figure 3.2 presents the volatility signature
plots for eah of the markets
11
. At the small sampling intervals the average volatility is
high, when returns are aggregated aross larger sampling intervals volatility is lower. The
11
The signature plot for the equity volatility in Australia is not presented due to illustrative purposes.
Note, however, that its shape was similar to the pattern of the European equity market.
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volatility signature plots for the foreign exhange and bonds markets stabilize at k = 10,
while the plot for the equity market in Japan roughly supports a 5 minute frequeny. A
10 minute frequeny seems to be a reasonable tradeo between minimizing mirostrutural
bias and minimizing sampling error.
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Figure 3.4: Minimum realised volatility, orrespondent jump estimates (saled by 1000) and
autoorrelations for the equity market during Japanese, Australian, European and United
States trading hours, respetively, for the period 4 January 2005 to 28 September 2012.
The volatility and jump estimates for the foreign exhange, equity, and bond mar-
kets alulated using equations (3.2) and (3.7) are presented in Figures 3.3, 3.4 and 3.5
respetively. To the naked eye it appears that the estimates of realised volatility in for-
eign exhange market have similar patterns aross the trading zones. The volatility in
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the United States is perhaps a little more pronouned during the Global Finanial Crisis
period of 2007-2009. However, the similarity aross the three zones is not as pronouned
in the equity and bond markets. Figure 3.4 indiates that while realised volatility in the
European and the United States equity markets is very similar, Japanese volatility for this
market is muh lower and less prone to jump ativity. The largest jump in the Japanese
equity market, on Marh 15, 2011, oinides with the seond working day after the massive
earthquake in the northeast part of Japan. Figure 3.5 shows that realised volatility in the
bond market during European trading hours appears to behave dierently to the other
zones, with a larger number of jumps after the GFC. Aording to sample autoorrelations
all series have long memory. Suh persistene is less pronouned in the equity market. To
ompare the relative sizes of realised volatility, Table 3.3 reports summary statistis for the
realised volatility series multiplied by 1000.
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Figure 3.5: Minimum realised volatility, orrespondent jump estimates (saled by 1000)
and autoorrelations for the bond market during Japanese, European and United States
trading hours, respetively, for for the period 4 January 2005 to 28 September 2012.
Table 3.3 reports summary statistis for the realised volatility series estimated using
equation (3.6). On average it seems that the mean level of volatility in the equity market
is greater than that in the foreign exhange market, whih in turn is greater than the mean
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volatility in the bond market.
Table 3.3: Desriptive statistis multiplied by 1000 for daily estimates of the realised volatil-
ity in the foreign exhange, equity and bond markets in Japan, Australia, Europe and the
United States.
Mean St.dev. Min. Max. Skew. Kurt.
FX
Japan 0.0087 0.0126 0.0005 0.1757 5.9967 55.8380
Europe 0.0132 0.0133 0.0008 0.1838 4.1225 35.1653
U.S. 0.0210 0.0234 0.0008 0.2894 4.0968 29.5131
Equity
Japan 0.0938 0.2207 0.0048 5.9136 15.0836 329.1636
Australia 0.0455 0.1674 0.0018 6.3335 31.7400 974.9609
Europe 0.0799 0.1584 0.0023 2.8085 8.6057 111.1513
U.S. 0.1359 0.3469 0.0015 7.1036 9.4324 135.5385
Bond
Japan 0.0033 0.0083 0.0001 0.2313 15.3795 366.5079
Europe 0.0063 0.0115 0.0004 0.1519 8.5588 93.6155
U.S. 0.0107 0.0123 0.0004 0.1802 4.5443 41.0990
Aross the three markets, the United States zone onsistently experienes higher mean
volatility than Europe, whih is in turn larger than Japanese volatility in the foreign ex-
hange and equity markets. Engle, Ito and Lin (1990b) found that volatility was substan-
tially higher during the New York trading hours than during Tokyo or London trading
hours. Their view was that muh of this volatility seemed to originate from maroeonomi
announements released during New York trading hours. The results in Table 3.3 support
the notion that United States volatility is uniformly higher. This nding is also onrmed
by the skewness and kurtosis statistis indiating a marked dierene from what would be
expeted from a normal distribution.
As a quik onsisteny hek on the auray of the proedure for isolating the jump
omponent of realised volatility, days that exhibited the greatest volatility are presented in
Table 3.4. It is useful to try and asertain whether the largest jumps atually orrespond to
important events in the relevant markets and in this way establish the internal onsisteny
of the method. The largest levels of volatility ourred in the equity market in the last
quarter of 2008, whih an be related to the bankrupty of Lehman Brothers and the
bridging loan from the Federal Reserve to the world largest insurane ompany, A.I.G. An
important event in the Japanese equity market on Marh 15, 2011 is related, as mentioned
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earlier, to the seond working day after the massive earthquake in the northeast part of
Japan. The highest volatility in the risis period was experiened in the equity market with
the major eet in the United States. Another interesting event that signiantly aeted
the equity market ourred in the middle of August 2011.
During August 2011, markets fell on fears of ontagion of the European sovereign debt
risis to Spain and Italy, leading to a fall in the S&P 500 of 79.92 points (6.7%). As a
result, European equity and the United States bond markets experiened their rst and
seond largest volatility episodes on 9 August 2011. In the bond market, by far the seond
largest risis appears to have been the deision by the United States Treasury to borrow
over $1 trillion in September 2008. Note that the European bond market events are mainly
related to the settlement alender dates that are the 10th alender days of Marh, June,
September, and Deember. On the 8th of Marh (the last trading day before settlement)
traders lose their positions and push volatility up.
There is one nal manipulation of the realised volatility series that proves useful, and
this relates to the asymmetri transmission of volatility relating to good and bad news.
Note that this eet should not be onfused with the well established leverage eet in
equity markets. The leverage eet allows for asymmetri impats on volatility due to bad
and good news of an idential size. In the multivariate ontext, the asymmetri BEKK
model of Kroner and Ng (1998) and the matrix exponential GARCH of Kawakatsu (2006)
are the most popular models to apture suh asymmetri eets (see Chapter 2).
A potentially interesting avenue of researh is one that allows for the the transmission
of volatility to be dierent depending on whether the volatility is due to good or bad news.
To apture this asymmetry, realised volatility is deomposed into realised volatility related
to positive and negative returns (Barndor-Nielsen, Kinnebrok and Shephard, 2008b) as
follows
RVt = RS
−
t +RS
+
t , (3.8)
in whih
RS−t =
∑
Ω={rj,t<0}
(rj,t)
21rj,t∈Ω
is the downside realised semivariane and
RS+t =
∑
✵={rj,t≥0}
(rj,t)
21rj,t∈✵
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Table 3.4: Ten largest hanges for the foreign exhange, equity, and bond pries in Japan, Australia, Europe, and the United States. The
dates of the events are in the bottom ells. The values of realised volatility on this day in the basis points (multiplied by 1000) are in the
upper ell.
Foreign exhange Equity Bonds
Order Jp Eu U.S. Jp Au Eu U.S. Jp Eu U.S.
1 0.1757 0.1838 0.2894 5.9136 6.3335 2.8085 7.1036 0.2313 0.1519 0.1802
22/10/08 05/01/09 13/11/08 15/03/11 22/09/08 08/10/08 10/10/08 16/09/08 06/09/12 09/08/11
2 0.1547 0.1608 0.2297 3.1503 0.9994 2.4187 4.4425 0.0925 0.1503 0.1499
31/10/08 19/12/08 29/10/08 10/10/08 09/08/11 09/08/11 23/10/08 10/10/08 08/03/12 08/10/08
3 0.1365 0.1143 0.2162 2.6071 0.9914 1.9436 3.7652 0.0758 0.1437 0.1383
30/10/08 30/10/08 18/03/09 28/10/08 09/03/09 10/10/08 29/10/08 30/09/08 08/03/11 22/03/10
4 0.1346 0.1066 0.2055 2.1382 0.8673 1.6401 3.2545 0.0690 0.1398 0.0969
05/11/08 24/10/08 20/02/09 31/10/08 30/09/08 28/10/08 08/10/08 09/03/06 08/03/10 19/12/08
5 0.1073 0.1032 0.1946 1.7496 0.7647 1.5459 3.0842 0.0635 0.1372 0.0944
16/09/08 08/10/08 24/10/08 29/10/08 10/10/08 24/10/08 13/11/08 11/03/11 08/09/10 15/12/06
6 0.1044 0.0961 0.1754 1.6332 0.7397 1.4402 2.9657 0.0589 0.1350 0.0806
24/10/08 18/09/08 19/11/08 08/10/08 16/08/07 16/10/08 20/11/08 29/10/08 08/09/09 23/01/08
7 0.1042 0.0804 0.1652 1.4664 0.7078 1.2648 2.6830 0.0587 0.1250 0.0799
29/10/08 06/01/09 15/01/09 27/10/08 31/08/07 29/10/08 16/10/08 14/10/08 08/09/11 29/09/08
8 0.1008 0.0796 0.1604 1.4409 0.6594 1.2640 2.4697 0.0552 0.1207 0.0785
28/10/08 07/05/10 05/11/08 30/10/08 07/10/08 17/10/08 24/10/08 11/03/10 08/12/08 29/10/08
9 0.1000 0.0754 0.1453 1.3569 0.5586 0.9231 2.2121 0.0551 0.1206 0.0771
13/10/08 23/01/09 25/11/08 09/10/08 17/08/07 11/08/11 21/11/08 09/12/10 06/03/09 07/05/10
10 0.0978 0.0743 0.1445 1.2059 0.4551 0.8645 2.1020 0.0460 0.0836 0.0739
27/10/08 27/01/09 25/03/09 27/11/07 31/01/08 23/10/08 14/10/08 08/10/08 20/10/11 01/12/08
6
6
is the upside realised semivariane, in whih 1a is the indiator funtion taking the value
1 if the argument a is true, and Ω∪✵ = {1, 2, ..., 1\∆}. Note that zero returns are treated
as an indiation of good news whih is dierent from the formulation of Barndor-Nielsen,
Kinnebrok and Shephard (2008b).
3.4 News
Another important task of this thesis is to deepen the understanding of news-volatility
linkages in the main nanial hubs of the global equity market. To ahieve this, it is
neessary to onstrut a omprehensive data set apturing the news of this asset market
and trading zones. News data were olleted from the Thomson Reuters News Analytis
database (Figure 3.6).
Figure 3.6: A snapshot of the Thomson Reuters News Analytis data. Soure: http:
thomsonreuters.om
A news stream is split up into news items. Eah news item is an atomi piee of news
and may physially represent, for example, a single line alert, a full news artile, or an
updated news artile. The exat nature of a news item is determined by the feed handler.
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Eah news item is sored separately for eah of the assets that are mentioned in a material
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Figure 3.7: The number of news per day for the Australian, Japanese, European, and the
United States equity markets normalized by the fator of
√
T˜iξi, where T˜i is the length of
the trading day in the zone i and ξi is the number of stoks in the i
th.
index. The daily
estimate of news is for the period 4 January 2005 to 28 September 2012.
way within the news item. The data represent all news headlines for the stoks inluded
in the S&P 500 (the United States), ASX 200 (Australia), TOPIX 100 (Japan) and DAX
30 (Europe) from 4 January 2005 to 28 September 2012
12
. Eah news message provides a
12
The news data is olleted on the same days as the futures data disussed in the previous setion.
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relevane, sentiment, sentiment position and an item type. Relevane is represented by a
number in the [0,1℄ interval, sentiment takes values 1, 0, and -1 for a positive, neutral and
negative tone of the story, respetively. The sentiment positions are three values that an
be interpreted as probabilities of the positive, negative, and neutral tones the sum of whih
is equal to one. The item type allows for the identiation of alerts, artiles, updates, or
orretions. The nal daily time series represent the number of artiles with relevane 1
13
for eah of the four zones, namely Australia, Japan, Europe, and the United States. Figure
3.7 shows the number of news per day for eah of the zones normalized by the fator of√
T˜iξi, where T˜i is the length of the trading day in the zone i and ξi is the number of stoks
in the ith. index.
As an be seen from the Figure 3.7 the number of news items is larger during the
global nanial risis of 2007-2009 in Europe, and the United States. However, this pattern
seems not to be pronouned in Australia. Japanese news seems to have strong seasonal
pattern, whih an be related to prevalene of sheduled news in this zone. Within the
framework of Ito and Roley (1987) the expeted part of announements did not ontribute
to hanges in yen/dollar exhange rates. Moreover, Ito and Roley (1987) doumented that
Japan was the most isolated zone with respet to announement surprises and volatility
spillovers. Ito, Engle and Lin (1992) found that stohasti poliy oordination ould not
explain the meteor shower hypothesis and onjetured that analysing private and publi
information ould revel reasons for meteor showers in the global foreign exhange market. In
the ontext of this thesis, the main interest lies in news dened as an unexpeted hange in
a fundamental variable relevant to the asset prie and its eet on other zones. Moreover,
the role of Australian news and volatility in the global equity market has not yet been
investigated. For this reason, for the analysis the news series for Australia, Europe, and
the United States in Chapter 5 are hosen. It is interesting to note that autoorrelation
patterns for news in Europe and the United States are similar to that for volatility (Figure
3.4). In partiular, the United States experienes stronger autoorrelation than Europe.
Autoorrelations of the Australian news series dies out after ten lags.
Figure 3.8 shows unonditional distributions of the normalized number of news in eah
of the three zones. All distributions are learly skewed and strongly deviate from Gaussian.
13
Suh ltering of data was used by Gross-Klussmann and Hautsh (2011) who found that the artiles
with relevane 1 were the most frequent in the data.
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Figure 3.8: Distributions of the number of news per day for the Australian, European, and
the United States equity markets normalized by the fator of
√
T˜iξi, where T˜i is the length
of the trading day in the zone i and ξi is the number of stoks in the i
th.
index. The daily
estimate of news is for the period 4 January 2005 to 28 September 2012.
Table 3.5: Desriptive statistis for daily estimates of number of news in the equity market
in Australia, Europe and the United States for the period 4 January 2005 to 28 September
2012. News series are saled as in Figure 3.7.
Mean St.dev. Min. Max. Skew. Kurt.
News
Australia 0.2385 0.1519 0.0267 1.1759 1.3636 6.1396
Europe 1.1433 0.6288 0.0778 5.4495 1.0336 4.9369
U.S. 3.9621 1.9288 0.0614 12.885 1.0211 4.3418
Table 3.5 reports summary statistis for the news series in Australia for the respetive
zones. As an be seen from Table 3.5, the mean level of news in the United States is
greater that in Europe, whih in turn is greater that the mean news in Australia. This
pattern orresponds to Engle, Ito and Lin's (1990b) ndings that higher volatility in the
foreign exhange market was during the New York trading hours, rather than during Tokyo
or London trading hours. The average number of news aross the sample show similar to
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volatility patterns, with the highest number in the United States. Suh similarity lays the
basis for analysing an interation between news and volatility, whih will be onsidered in
later hapters.
3.5 Ultra-high frequeny data: transations and news
This setion disusses the data set used in Chapter 7 of the thesis. The main task of Chapter
7 is identifying the harater of interation between the United States and European stok
markets when they are open. The data set inluding both transations on S&P 500 and
FTSE 100 and news items related to these indexes is explained below.
The futures data set was extrated from the Thomson Reuters Tik History database
and represents the time and harateristis of all trades. These events are reorded for the
S&P 500, that ourred on the Chiago Merantile Exhange, and for the FTSE 100 traded
on the London Stok Exhange with GMT time up to a milliseond preision. The overed
period is from 1 January 2012 to 30 June 2012. A trade ourred when buy and sell orders
mathed
14
.
Moreover, for the same period, news data from the Reuters NewSope Sentiment Engine
were olleted. The data ontain all news headlines for the stoks inluded in the the S&P
500 and the FTSE 100. Eah news message is haraterized by the same quantities as in
the previous setion.
The adjustments made to the data are now desribed. The ourrene times of trades
and news events are mapped on the (0,∞) line for every trading day like in Bowsher (2007).
The data are restrited to the normal trading hours when two markets are opened, namely,
14.30 - 16.25 (GMT) for the FTSE and the S&P from Monday to Friday. As a result the
time vetor is represented by a non-dereasing sequene measured in milliseonds for every
day in sample. For the prie variables, ranges of 1000 - 2000 for the S&P 500 and 5000 -
8000 for the FTSE 100 are adopted to remove prie errors, whih is onservative enough to
apture valid but extreme pries. All market events with a zero volume are also ignored.
To identify the trade events, the ases when a buy/sell is between the quotes and the best
bid is larger than the best ask are deleted. Moreover, trades that have the same time stamp
and prie are treated as one event, with an aumulated number of transations.
14
The prie hanges are always multiple of the tik, whih is $1/4 for the S&P 500 and ¿1/2 for the
FTSE 100.
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The news that ourred during the non-trading periods were aggregated and added to
the rst news item in the next trading day. As a result, the rst news message of a day
inorporates information about news from non-trading periods. An aggregated sentiment
for the rst news item in every trading day is alulated as Sentit˜ = sgn(
∑
t≤t˜ Sentit), in
whih sgn(.) is the signum funtion, t˜ is a time of the rst news message within a trading
day, and Sentit is a sentiment i in a non-trading period t. An aggregated sentiment position
for the rst news is alulated as a simple mean of the orresponding sentiment positions,
whih results in positive, neutral, and negative aggregated estimates of the rst item. The
nal manipulation with the news is aggregating of the items with the same time stamp.
These groups of items are onsidered a singular event with a sentiment, and sentiment
positions alulated by means of the rules disussed above.
Summary statistis of the intertrade and news durations for the nal data set are
presented in Table 3.6. As an be seen from Table 3.6 the number of trade durations
and news is higher for the United States market. The average duration between trade
events for the S&P 500 is more than 5 times smaller than the duration for the FTSE
100. The maximum trade duration is longer for the FTSE 100. Overall, the news ow is
more intensive in the United States market, onrmed by the smaller mean and standard
deviation.
Table 3.6: Desriptive statistis for the durations between trade and news events for the
S&P 500 and FTSE 100. The period is 1 January 2012 to 30 June 2012. The durations are
measured in milliseonds.
Trade durations News durations
Number of durations 3365433 11077
Mean duration 222 68715
S&P 500 Standard deviation 425 100750
Minimum 1 1
Maximum 16673 1177521
Number of durations 588248 5617
Mean duration 1309 132040
FTSE 100 Standard deviation 2126 198390
Minimum 1 1
Maximum 39596 2775337
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Figure 3.9: Number of news and trades within 1 seond bin in the United States and
Europe. X axis - seonds from the beginning of the trading period (14.30, GMT).
The distributions of number of news and trades aross a day, from 14-30 to 16-25
(GMT), related to the the S&P 500 and the FTSE 100 are shown in Figure 3.9. All series
are stationary
15
, while the well doumented U-shaped trend is pronouned for trades in
the United States. An interesting pattern is related to big spikes in all four series. Suh
spikes an be observed before 2000th seond and around 5500. Moreover, the news series
are haraterized by the stronger ativity at the end of the period. Suh similarities lays
the basis for the analysis shown in the following setions.
As far as the weekly distribution of the number of news is onerned, the respetive
results are presented in Figures 3.10 and 3.11 for the S&P 500 and the FTSE 100, respe-
15
The stationarity of the series was examined using the Geweke and Porter-Hudak (1983) estimator.
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Figure 3.10: Number of S&P 500 news per day of the week. Up->Down: Positive, Negative,
Neutral items.
Figure 3.11: Number of FTSE 100 news per day of the week. Up->Down: Positive, Nega-
tive, Neutral items.
tively. Both markets have more positive than negative or neutral news. The number of
news items is smaller on Monday and Friday.
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4 Volatility transmission in global nanial markets: GARCH
with realised measures
This hapter
16
ontributes to the literature examining volatility patterns in global foreign
exhange, equity, and bond markets. In the spirit of Fleming and Lopez (1999), the trad-
ing day for eah market was partitioned into three zones, Japan, Europe, and the United
States. The original Engle, Ito and Lin (1990b) model is extended in order to entertain
a more omplex set of volatility interations. Inorporating realised volatility as an ex-
planatory variable in the regional onditional variane equations turns out to be a valuable
way of investigating volatility linkages and allows a number of extensions. Using jump
and ontinuous omponents of realised volatility reveals that the diusive omponent has
more explanatory power than the jump omponent. The jump omponent, whih reets
more extreme news arrival, is only signiant for the equity market. Furthermore, deom-
posing realised volatility into positive and negative semivarianes allows the asymmetri
transmission of volatility to be explored. It is found that the bond market is mainly driven
by a negative semivariane, whereas both the negative and positive semivarianes have an
explanatory power for the foreign exhange and equity markets.
4.1 Revisiting Heat Waves and Meteor Showers
In their seminal paper, Engle, Ito and Lin (1990b) found evidene that the role of news from
adjaent regions (the meteor shower) was preferred to loal inuenes from the previous day
(the heat wave) as an explanation of the transmission of volatility in the foreign exhange
market. In this setion the results of Engle, Ito and Lin (1990b) for the foreign exhange
market are revisited in the ontext of the urrent data from 2005 to 2012, and extended
to the equity and bond markets. More speially, the data set disussed in detail in
the previous hapter is represented by daily returns Rt, realised volatility RVt, diusive
omponents CCt, jumps Jt, and positive and negative semi-varianes RS
+
t and RS
−
t for
Japan, Europe and the United States.
The original model proposed by Engle, Ito and Lin (1990b) applies to i = 1, · · · , n
non-overlapping trading zones and takes the form
16
The results of this hapter have been published in Journal of Empirial Finane.
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Rit = ǫ
i
t ǫ
i
t ∼ N(0, h
i
t)
hit = κi + aiih
i
t−1 +
i−1∑
j=1
cijǫ
2
j,t +
n∑
j=i
bijǫ
2
j,t−1 , (4.1)
in whih Rit is a time-series of returns, h
i
t is the onditional variane of returns all dened
for zone i at time t, and ǫ2j,t is the squared innovation (news) dened for zone j at time
t. This speiation deviates from a traditional GARCH model by reognising that the
struture of the global trading day allows for news from preeding regions at the same day,
a feature whih is labelled the `intra-day' eet. It is important to note that news here is
represented by the eets from squared returns. In this ase, suh eets are aggregated
and it is not possible to distinguish between publi or private information or speially
explain auses of volatility in dierent zones. These issues will be addressed in the following
hapter of the thesis.
The alendar struture implied by equation (4.1) is perhaps best seen by writing the
equation in matrix form and tailoring it to the urrent modelling environment in whih
n = 3. The relevant equation is now
ht = K +Aht−1 + C ǫ
2
t +B ǫ
2
t−1 , (4.2)
where ht = [hjp,t heu,t hus,t]
′
, ǫ2t = [ǫ
2
jp,t ǫ
2
eu,t ǫ
2
us,t]
′
and the subsripts are self evident. The
parameter matries of interest are
A =

a11 0 0
0 a22 0
0 0 a33
 , C =

0 0 0
c21 0 0
c31 c32 0
 , B =

b11 b12 b13
0 b22 b23
0 0 b33
 .
The alendar struture is now apparent, partiularly in the matrix C. Speially, new de-
velopments in Japan, ǫ2
jp,t, at the start of the trading day an inuene volatility in Europe
and the United States via the oeients c21 and c31. Similarly news from Europe, ǫ
2
eu,t,
an inuene volatility in the United States on the same day, c32. The natural alendar
struture, however, implies that events in the United States will be transmitted to Japan
only on the following day. The restritions on the matrix B making it an upper diagonal
matrix are not stritly neessary, as all information at t − 1 an aet all trading zones.
These restritions were imposed by Engle, Ito and Lin (1990b) in their original formula-
tion, implying that information originates during United States trading times. The system
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(4.2) is haraterised by an information matrix, whih is blok diagonal with respet to
the required parameters. For this reason, single equation estimation of the model by the
maximum likelihood an be performed on eah zone.
Table 4.1 reports the estimation results for equation (4.2) based on the foreign ex-
hange, equity and bond markets.
17
To ensure robust inferene, t-statistis based on
quasi-maximum likelihood (QML) standard errors are reported. There are two general
onlusions that emerge from inspetion of these results.
1. It is immediately apparent that the pattern of volatility interation is a ombination
of both heat waves and meteor showers. There is no support for the hypothesis that
one of these patterns dominates, although the argument in favour of a heat wave
is probably strongest in the bond market, where intra-day news has no explanatory
eet on volatility in any of the trading zones.
2. There is a signiant impat of the previous day's volatility in eah region, with all
the oeients on the lagged onditional variane term, hit−1, being signiant. It
is probably fair to say that this impat is uniformly greatest in the foreign exhange
market. Moreover, the sizes of the oeients on hit−1 in the foreign exhange mar-
ket are larger than those of Engle, Ito and Lin (1990b). Perhaps this dierene is
attributable to the dierent periods are used in the analysis. Engle, Ito and Lin
(1990b) used data from 1985 to 1986, while this hapter deals with data from 2005
to 2012, a period dominated by the turbulene indued by the global nanial risis.
Rather surprisingly, the intra-day impat of European news on the United States volatil-
ity, ǫ2eu,t, is only signiant at the 5% level in the equity market. This is perhaps due to
the fat that Japanese news has a strong intra-day eet on both Europe and the United
States and this rowds out the eet of European news. In the equity market all of the
oeients aross all of the regions are signiant. This pattern of interation suggests that
world equity markets are strongly interrelated. This result in the equity market ontrasts
sharply with the bond market and supports the results of Fleming and Lopez (1999) and
Savva, Osborn and Gill (2005), who found that the heat wave hypothesis best desribed
the behaviour of volatility in the bond market.
17
In Table 4.1 and all subsequent results in this hapter, the onstant term in the variane equation is
suppressed.
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Table 4.1: Coeient estimates of equation (4.2) with t-statistis based on QML standard
errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
ǫ2
jp,t - 0.0441
∗
(2.50)
0.0620∗
(3.63)
ǫ2
eu,t - - 0.0019
(0.30)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.0235
∗
(2.55)
- -
ǫ2
eu,t−1 0.0018
(0.62)
0.0228∗
(2.75)
-
ǫ2
us,t−1 0.0119
∗
(2.77)
0.0179∗
(2.19)
0.0257∗
(2.85)
hit−1 0.9431
∗
(59.4)
0.9294∗
(57.6)
0.9404∗
(63.2)
Japan Europe United States
Equity Market
ǫ2
jp,t - 0.0784
∗
(2.68)
0.3225∗
(3.25)
ǫ2
eu,t - - 0.3102
∗
(4.62)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.0583
∗
(2.44)
- -
ǫ2
eu,t−1 0.0301
∗
(3.84)
0.0754∗
(5.94)
-
ǫ2
us,t−1 0.0081
∗
(3.23)
0.0141∗
(2.60)
0.1056∗
(5.03)
hit−1 0.8271
∗
(25.9)
0.8546∗
(39.9)
0.7110∗
(27.1)
Japan Europe United States
Bond Market
ǫ2
jp,t - 0.0094
(1.17)
0.0027
(0.43)
ǫ2
eu,t - - 0.0101
(1.35)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.2596
∗
(5.41)
- -
ǫ2
eu,t−1 0.0379
∗
(3.31)
0.0774∗
(5.07)
-
ǫ2
us,t−1 0.0428
∗
(4.06)
0.0143∗
(2.74)
0.0394∗
(4.63)
hit−1 0.6207
∗
(17.3)
0.8890∗
(41.4)
0.9505∗
(94.5)
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Table 4.2: Coeient estimates of equation (4.3) with restrited news and with t-statistis
based on QML standard errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
h
jp,t - 0.5410
∗
(88.0)
-
h
eu,t - - 0.1897
∗
(54.0)
h
us,t−1 0.1323
∗
(140)
- -
ǫ2
jp,t−1 0.0723
∗
(39.0)
- -
ǫ2
eu,t−1 - 0.0264
∗
(8.44)
-
ǫ2
us,t−1 - - 0.0535
∗
(16.0)
hit−1 0.6054
∗
(183)
0.7365∗
(234)
0.7579∗
(410)
Japan Europe United States
Equity Market
h
jp,t - 0.3424
∗
(25.0)
-
h
eu,t - - 0.3273
∗
(46.0)
h
us,t−1 0.0577
∗
(9.69)
- -
ǫ2
jp,t−1 0.2358
∗
(51.0)
- -
ǫ2
eu,t−1 - 0.1343
∗
(15.0)
-
ǫ2
us,t−1 - - 0.1398
∗
(15.0)
hit−1 0.3266
∗
(138)
0.7273∗
(121)
0.7466∗
(75.0)
Japan Europe United States
Bond Market
h
jp,t - 0.0108
∗
(2.17)
-
h
eu,t - - 0.0071
(1.52)
h
us,t−1 0.0361
∗
(3.25)
- -
ǫ2
jp,t−1 0.3254
∗
(40.0)
- -
ǫ2
eu,t−1 - 0.0927
∗
(3.85)
-
ǫ2
us,t−1 - - 0.0382
∗
(3.50)
hit−1 0.6438
∗
(76.0)
0.8935∗
(54.0)
0.9545∗
(585)
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Table 4.3: Coeient estimates of equation (4.3) with t-statistis based on QML standard
errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
h
jp,t - 0.1352
∗
(4.39)
-
h
eu,t - - 0.1131
∗
(13.2)
h
us,t−1 0.1163
∗
(4.48)
- -
ǫ2
jp,t - 0.0452
∗
(2.25)
-
ǫ2
eu,t - - 0.0000
(0.00)
ǫ2
us,t 0.0000
(0.00)
- -
ǫ2
jp,t−1 0.0683
∗
(2.52)
- -
ǫ2
eu,t−1 - 0.0176
∗
(2.56)
-
ǫ2
us,t−1 - - 0.0587
∗
(1.97)
hit−1 0.6478
∗
(12.5)
0.8983∗
(154)
0.8299∗
(31.0)
Japan Europe United States
Equity Market
h
jp,t - 0.5691
∗
(77.0)
-
h
eu,t - - 0.0338
(0.93)
h
us,t−1 0.0365
∗
(3.91)
- -
ǫ2
jp,t - 0.1391
∗
(12.0)
-
ǫ2
eu,t - - 0.3887
∗
(24.4)
ǫ2
us,t 0.0088
∗
(2.35)
- -
ǫ2
jp,t−1 0.1331
∗
(7.16)
- -
ǫ2
eu,t−1 - 0.0927
∗
(4.92)
-
ǫ2
us,t−1 - - 0.0997
∗
(4.06)
hit−1 0.5008
∗
(11.9)
0.6204∗
(30.1)
0.7707∗
(85.0)
Japan Europe United States
Bond Market
h
jp,t - 0.0000
(0.00)
-
h
eu,t - - 0.0000
(0.00)
h
us,t−1 0.0000
(0.00)
- -
ǫ2
jp,t - 0.0192
∗
(2.09)
-
ǫ2
eu,t - - 0.0112
(1.93)
ǫ2
us,t 0.0546
∗
(5.72)
- -
ǫ2
jp,t−1 0.2819
∗
(14.9)
- -
ǫ2
eu,t−1 - 0.0818
∗
(3.81)
-
ǫ2
us,t−1 - - 0.0402
∗
(10.7)
hit−1 0.6178
∗
(73.0)
0.9027∗
(182)
0.9502∗
(333)
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These results vindiate the original insight of Engle, Ito and Lin (1990b), in the ontext
of the foreign exhange market, to the eet that the transmission of news between dierent
regions of the world on the same trading day is a potentially important explanation of
volatility. The result stands the test of time, from the perspetives of dierent sample
periods and dierent markets and provides the motivation to pursue this avenue of inquiry
beyond the onnes of the original study.
4.2 Volatility spillovers and news
It has been shown that volatility in the urrent zone depends on urrent and lagged inno-
vations from the preeding zones and also lagged onditional variane in the urrent zone.
However, this speiation does not allow for an intra-day volatility eet, hit, from the
immediately preeding zone to inuene volatility in the urrent zone. This eet may be
labelled fairly loosely as a volatility spillover. To take this into aount the model must be
speied as follows
A∗ht = K +Aht−1 + C ǫ
2
t +B ǫ
2
t−1 , (4.3)
in whih the matrix A∗ now aptures the eet of the the onditional variane in preeding
zones on the urrent zone on the same trading day. In the ase of the three zones dealt
with here, the struture of the two A matries are
A∗ =

1 0 0
−a∗21 1 0
0 −a∗32 1
 , A =

a11 0 a13
0 a22 0
0 0 a33
 ,
emphasising that the urrent onditional variane term appropriate for Japan is in fat
the lagged onditional variane from the previous days lose in the United States with
oeient a13. This is a system of equations that must be estimated simultaneously.
As a preursor to the estimation of equation (4.3), a model is estimated in whih the
restrition C = 0 is imposed and therefore there are no intra-day eets of the news in
preeding regions. The results are reported in Table 4.2, from whih it is immediately
apparent that the pattern of the estimated oeients is very similar to that in Table
4.1. For the foreign exhange and equity markets, the inlusion of the onditional variane
from the immediately preeding zone has the eet of dramatially reduing the impat of
volatility from the preeding trading day (heat wave), as an be asertained from the size
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of the estimated oeient on lagged volatility. One again, volatility in the bond market
is most likely to be generated by a heat wave, but the ambiguity of this laim is muh
inreased. An important dierene in omparison with the previous model is in inreased
intra-day volatility eets in the foreign exhange market.
There seems little doubt that a orretly speied model of volatility and news transmis-
sion between regions must make allowane for the intra-day eet of onditional variane
from the preeding zones. The Engle, Ito and Lin (1990b) approah, whih does not allow
for this eet, therefore runs the risk of being misspeied.
The results obtained after estimation of the unrestrited version of equation (4.3) are
reported in Table 4.3. The message here is somewhat mixed, partiularly in the foreign
exhange and bond markets. It appears that in the foreign exhange market, making al-
lowane for both volatility and news spillovers from the immediately preeding regions
obfusates the eet of news. Indeed, only one of the three possible oeients is signi-
ant. In the ase of the bond market, all oeients representing volatility spillovers are
insigniant, while news from Japan and the United States are important. The degree of
ambiguity is small in the equity market where the oeients on both volatility and news
spillovers are signiant, exept European eets aptured by heu,t.
It seems that extending the Engle, Ito and Lin (1990b) framework to allow for intra-
day inuenes from both the news and smoothed onditional varianes auses somewhat
of a onundrum. Although there is strong evidene for eah of these hannels of inuene
individually, the urrent attempt to estimate a general model seems to be unsatisfatory.
It may be that too muh is being asked in the estimation of a model where the proliferation
of oeients requiring estimation is leading to ineieny. Ideally, what is required now
is to be able to inlude both of these eets in a parsimonious framework, a task to whih
attention is now turned.
4.3 Volatility linkages: asymmetry and jumps
At the end of Setion 4.2, it emerged that using a traditional GARCH framework to in-
vestigate the intra-day eets of both the smoothed onditional variane and the news
yielded ambiguous results. Armed with estimates of realised volatility from all the regions,
however, these questions may be addressed using the following eonometri model
ht = K +Aht−1 + C RVt +B ǫ
2
t−1 , (4.4)
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in whih RVt = [RVjp,t RVeu,t RVus,t−1]
′
, parameter matries K, A and B are diagonal and
C now has form
C =

0 0 c13
c21 0 0
0 c32 0
 .
It is important to note that (somewhat paradoxially) the intra-day volatility eet on
Japan omes from realised volatility at the lose of the previous trading day in the United
States.
In this speiation the vetor of realised volatilities will ontain elements of both the
smoothed onditional variane and news from the preeding region, and therefore equation
(4.4) provides a parsimonious way of inorporating both elements into a omprehensive
explanation of volatility transmission. This model may be regarded as a variant of the
multipliative error model of Engle and Gallo (2006), modied slightly in order to deal
with the alendar struture imposed by the global trading day. The relevant asymptoti
theory for the model with realised variane in the dynami equation for onditional variane
is given in Shephard and Sheppard (2010) and in a reent paper by Han and Kristensen
(2014), who showed that standard inferene based on quasi-maximum likelihood standard
errors was appliable.
The oeient estimates for equation (4.4) estimated on data from the foreign exhange,
equity and bond markets are reported in Table 4.4. The most striking result is that eight
out of nine oeients on the intra-day eets are signiant, and therefore there is little
doubt that the meteor shower eet of news being transmitted from region to region is an
important omponent of volatility. It is also true that all of the own lagged onditional
variane terms are signiant, indiating that the heat wave eet is also present, although
this eet is fairly muted in the equity market. Indeed, the most remarkable results appear
to be those obtained in the equity market, where it is apparent that the intra-day eet of
realised volatility from Japan on Europe and Europe on the United States are signiant.
These intra-day eets on the volatility in the United States appear muh larger in absolute
size than the eets obtained from the United States and Japanese realised varianes.
Another interesting result is the fat that the heat wave hypothesis now seems more
appropriate in the bond market in omparison to the results of Table 4.2. While the intra-
day eets from Japan to Europe and the United States to Japan are signiant again,
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Table 4.4: Coeient estimates for equation (4.4) with t-statistis based on QML standard
errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
RV
jp,t - 0.0082
∗
(5.89)
-
RV
eu,t - - 0.0157
∗
(7.25)
RV
us,t−1 0.0038
∗
(6.35)
- -
ǫ2
jp,t−1 0.0303
∗
(3.07)
- -
ǫ2
eu,t−1 - 0.0156
∗
(3.69)
-
ǫ2
us,t−1 - - 0.0148
(1.55)
hit−1 0.8938
∗
(89.0)
0.9492∗
(190)
0.8976∗
(109)
Japan Europe United States
Equity Market
RV
jp,t - 0.0934
∗
(9.78)
-
RV
eu,t - - 0.2228
∗
(17.2)
RV
us,t−1 0.0057
∗
(7.86)
- -
ǫ2
jp,t−1 0.0823
∗
(2.15)
- -
ǫ2
eu,t−1 - 0.0535
∗
(2.21)
-
ǫ2
us,t−1 - - 0.0268
(1.80)
hit−1 0.5687
∗
(16.2)
0.6482∗
(20.2)
0.4445∗
(13.8)
Japan Europe United States
Bond Market
RV
jp,t - 0.0027
∗
(2.07)
-
RV
eu,t - - 0.0018
(1.33)
RV
us,t−1 0.0070
∗
(4.88)
- -
ǫ2
jp,t−1 0.2448
∗
(5.01)
- -
ǫ2
eu,t−1 - 0.0782
∗
(7.16)
-
ǫ2
us,t−1 - - 0.0382
∗
(6.79)
hit−1 0.6213
∗
(20.3)
0.9064∗
(100)
0.9521∗
(203)
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the values of all intra-day oeients are loser to zero than oeients on hjp,t, heu,t, and
hus,t−1 from Table 4.2.
At this stage is seems appropriate to deompose the realised volatility series into its
onstituent diusive and jump omponents in eah of the three trading zones. The obvious
extension to equation (4.4) is therefore
ht = K +Aht−1 + C1CCt + C2Jt +B ǫ
2
t−1 , (4.5)
in whih CCt = [CCjp,t CCeu,t CCus,t−1]
′
represents the ontinuous omponents of realised
volatility and Jt = [Jjp,t Jeu,t Jus,t−1]
′
, represents the jump omponent. The matries C1
and C2 in equation (4.5) have the same struture as matrix C in equation (4.4).
The oeient estimates for equation (4.5) are reported in Table 4.5. The major result
is fairly unambiguous. Jumps are only really important in the transmission of volatility
in the equity market and play no signiant role in the intra-day transmission of volatility
aross regions in the foreign exhange and bond markets. On the other hand, the ontinuous
omponent of realised volatility exhibits strong explanatory power aross all three markets
in all trading zones.
Given the importane of the intra-day eets of realised volatility in explaining the on-
ditional variane, and also the relative importane of the diusive omponent of volatility
relative to the jump omponent, the estimates of the realised semivarianes an be used to
build an asymmetri volatility model for eah of the three markets. The relevant equation
for the onditional variane is
ht = K +Aht−1 + C1RS
+
t + C2RS
−
t +B ǫ
2
t−1 , (4.6)
where the vetor RVt is deomposed into its positive and negative semi-varianes as in
equation (3.8).
18
The oeient estimates from equation (4.6) are presented in Table 4.6. The results
reported in Table 4.6 allow several general observations to be drawn about the asymmetri
transmission of volatility relating to good and bad news.
1. There is strong evidene to support the hypothesis that volatility responds asymmet-
rially to the realised volatility from preeding zones. Remembering that the overall
18
This model may be onsidered as a speial ase of the volatility model with a persistent leverage eet
introdued by Corsi and Reno (2012).
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Table 4.5: Coeient estimates of equation (4.5) with t-statistis based on QML standard
errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
CC
jp,t - 0.0071
(0.39)
-
CC
eu,t - - 0.0160
∗
(5.97)
CC
us,t−1 0.0039
∗
(4.45)
- -
J
jp,t - 0.0227
(0.13)
-
J
eu,t - - 0.0044
(0.48)
J
us,t−1 0.0028
(0.90)
- -
ǫ2
jp,t−1 0.0311
∗
(3.01)
- -
ǫ2
eu,t−1 - 0.0155
∗
(2.10)
-
ǫ2
us,t−1 - - 0.0135
(1.53)
hit−1 0.8935
∗
(57.0)
0.9490∗
(145)
0.8995∗
(71.0)
Japan Europe United States
Equity Market
CC
jp,t - 0.0931
∗
(5.09)
-
CC
eu,t - - 0.2269
∗
(12.8)
CC
us,t−1 0.0060
∗
(6.26)
- -
J
jp,t - 0.0997
∗
(1.99)
-
J
eu,t - - 0.1942
∗
(1.96)
J
us,t−1 0.0000
(0.00)
- -
ǫ2
jp,t−1 0.0826
∗
(1.96)
- -
ǫ2
eu,t−1 - 0.0535
∗
(2.12)
-
ǫ2
us,t−1 - - 0.0254
(1.52)
hit−1 0.5600∗
(12.3)
0.6484∗
(19.7)
0.4394∗
(9.34)
Japan Europe United States
Bond Market
CC
jp,t - 0.0035
∗
(1.97)
-
CC
eu,t - - 0.0038
∗
(2.48)
CC
us,t−1 0.0074
∗
(4.23)
- -
J
jp,t - 0.0014
(0.13)
-
J
eu,t - - 0.0000
(0.00)
J
us,t−1 0.0016
(0.34)
- -
ǫ2
jp,t−1 0.2508
∗
(5.13)
- -
ǫ2
eu,t−1 - 0.0776
∗
(3.30)
-
ǫ2
us,t−1 - - 0.0356
∗
(6.12)
hit−1 0.6157
∗
(16.0)
0.9059∗
(360)
0.9486∗
(126)
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Table 4.6: Coeient estimates of equation (4.6) with t-statistis based on QML standard
errors in parentheses. (* denotes signiane at the 5% level).
Japan Europe United States
FX Market
RS+
jp,t - 0.0103
(0.20)
-
RS+
eu,t - - 0.0109
∗
(1.97)
RS+
us,t−1 0.0053
∗
(2.39)
- -
RS−
jp,t - 0.0065
(0.07)
-
RS−
eu,t - - 0.0180
∗
(3.46)
RS−
us,t−1 0.0026
∗
(1.98)
- -
ǫ2
jp,t−1 0.0315
∗
(3.10)
- -
ǫ2
eu,t−1 - 0.0155
∗
(1.96)
-
ǫ2
us,t−1 - - 0.0148
(0.09)
hit−1 0.8903
∗
(58.0)
0.9537∗
(119)
0.9043∗
(75.0)
Japan Europe United States
Equity Market
RS+
jp,t - 0.0130
(0.09)
-
RS+
eu,t - - 0.0821
∗
(2.93)
RS+
us,t−1 0.0139
∗
(4.19)
- -
RS−
jp,t - 0.1771
∗
(1.99)
-
RS−
eu,t - - 0.4181
∗
(10.2)
RS−
us,t−1 0.0000
(0.00)
- -
ǫ2
jp,t−1 0.1023
∗
(2.29)
- -
ǫ2
eu,t−1 - 0.0616
∗
(2.42)
-
ǫ2
us,t−1 - - 0.0293
(1.55)
hit−1 0.4795
∗
(10.0)
0.6371∗
(18.0)
0.3896∗
(8.28)
Japan Europe United States
Bond Market
RS+
jp,t - 0.0000
(0.00)
-
RS+
eu,t - - 0.0038
(1.38)
RS+
us,t−1 0.0000
(0.00)
- -
RS−
jp,t - 0.0037
∗
(2.50)
-
RS−
eu,t - - 0.0000
(0.00)
RS−
us,t−1 0.0135
∗
(2.80)
- -
ǫ2
jp,t−1 0.2495
∗
(5.83)
- -
ǫ2
eu,t−1 - 0.0788
∗
(3.17)
-
ǫ2
us,t−1 - - 0.0383
∗
(6.80)
hit−1 0.6155
∗
(16.0)
0.9083∗
(341)
0.9516∗
(138)
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intra-day eets are seen in Table 4.4 to be signiant in all ases, there is only one
instane in whih there are signiant oeients of omparable size reorded in Ta-
ble 4.6. This is the ase of the European inuene on the United States in the foreign
exhange market.
2. Volatility in the bond market responds mainly to the intra-day impat of the negative
semivarianes, as all oeients on RS+ are insigniant.
3. The largest intra-day impat on the foreign exhange and equity markets has the
European negative semivariane. It is notable that the oeient on RS−
eu,t in the
equity market is even bigger than the eet from the lagged smoothed volatility hit−1,
whih is strong support of the meteor shower. Suh a strong inuene an be related
to the risis faing the euro area.
4. Equity markets in Europe and the United States appear partiularly suseptible to
volatility arising from bad news in the immediately preeding zones (Japan and Eu-
rope, respetively). This provides limited support for the laim that bad news travels
fast in equity markets. The fat that Japan seems immune to this eet is perhaps
due to the long bear market in the Japanese equity market.
These results indiate fairly strongly the need for further researh in this area. In summary,
it should be noted that no interation between markets was assumed. Suh restritive
assumption is relaxed in the following hapters. Moreover, note that all previous results
were based on data that may be regarded as U.S. entri, in the sense that they relate
to U.S. based assets. However, in order to hek the robustness of the volatility patterns
to the hoie of assets, all analysis is reported using both Japanese (Topix equity futures
and JGB bond futures) and German (DAX equity futures and BUND bond futures) data.
The results of this parallel exerise are broadly similar to the results reported here and are
available in Appendix 1.
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5 Cointegration in volatility
The previous hapter onrmed that in the short run, volatilities from dierent zones
are strongly interonneted. Moreover, intraday volatility patterns are dierent in Japan,
Europe and the United States. However, the idea that a volatility series an be interrelated
in the long run was ignored. This idea, represented by the so-alled 'ommonality in
volatility hypothesis', is disussed in this hapter, relying on the ointegration theory and a
frational integration property of volatility. Setions 5.1 and 5.2 investigate the theoretial
aspets of modelling volatility in the presene of long memory and nonstationarities. The
simplest ase, when there is an interation between the markets within eah of the trading
zones, is disussed in Setion 5.3. More general models that take into aount the alender
struture of the global trading day are presented in Setions 5.4 and 5.5.
5.1 Frational integration in realised volatility
To explore whether or not there is a prima faie ase for modelling ommonality in re-
alised volatility using frational ointegration
19
, the series must rst be examined for the
order of frational integration. Bollerslev and Mikkelsen (1996) and Baillie, Bollerslev and
Mikkelsen (1996b) desribe volatility as a long memory proess with a frational parameter
d. Following Diebold and Innoue (2001) long memory an be dened by the rate of growth
varianes of partial sums as var(SumT ) = O(T
2d+1), in whih SumT =
∑T
t=1 yt, yt is a
nanial series of interest, and T is a sample size.
A ommonly used test for the existene of long memory is the R/S statisti disussed
by Lo (1991) that is dened as
QT =
1
σˆT (W)
[
max
1≤k≤T
k∑
t=1
(yt − y¯)− min
1≤k≤T
k∑
t=1
(yt − y¯)
]
, (5.1)
in whih y¯t = (1/T )
∑T
t=1 yt, and σˆT (W) is the standard deviation of the Newey-West
estimate of the long run variane with bandwidth W. Lo (1991) found that if there is short
memory but no long memory in the series yt, QT statisti should onverge to the range of
a Brownian bridge on the unit interval.
To quantify the presene of long memory, a semiparametri estimator of d was proposed
by Geweke and Porter-Hudak (1983). This estimator implies that for a long memory time
19
The onept of frational ointegration is disussed in Setion 2.4.
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series yt the spetral density f(ω) has a power-law deay f(ω) ∼ const ·ω−2d when ω → 0.
The GPH estimator dˆ is represented by an Ordinary Least Squares regression of the log
periodogram {logI(ωj)}mj=1 on {logωj}mj=1, where ωj = 2πj/T , j = 0, ..., T − 1 are the
Fourier frequenies,
I(ωj) =
1
2πT
∣∣∣ T∑
t=1
ytexp(−iωjt)
∣∣∣2, (5.2)
is the periodogram and m is a positive integer. Then the GPH estimator is given by
−0.5 times the least-square slope estimate in the ordinary least squares regression. To
speify m, an automati proedure of Hurvih and Deo (1999) or visual inspetion of log-
log periodogram plots an be used. When |d| > 0.5, yt is non-stationary; if 0 < d < 0.5, yt
is stationary and has long memory; and when −0.5 < d < 0, yt is stationary and has short
memory.
The denition of the long memory disussed earlier implies that the time series has a
slowly deaying autoorrelation funtion. Suh autoorrelation patterns were revealed in
Chapter 3, where all realised volatility series indiated a fair amount of persistene (Figures
3.3, 3.4, 3.5). This is to be expeted given that autororrelation in the squares of nanial
returns is a well-known and well doumented phenomenon
20
(Pagan, 1996).
To formally hek for the existene of long memory in the volatility series, the R/S
test dened by equation (5.1) an be used. The test learly rejets the short memory
hypothesis for all time series. The estimates of the parameter d, using the GPH estimator
from (5.2), are reported in Table 5.1. The United States volatility in all three markets are
non-stationary, a fat perhaps related to the strong inuene of the global nanial risis on
this zone. Japan seems to be the most stable zone, with the only non-stationary volatility
in the bond market haraterized by d = 0.5083. In the European zone, both equity and
bond market volatilities are stationary.
5.2 Frational ointegration
As far as all of the volatility series are not stationary or having long memory, it is natural
to speulate that these volatilities have ommon stohasti trend(s), whih an explain
their behavior. The presene of the stohasti trend an be formulated using the onept
of (frational) ointegration.
20
Similar ndings were reported by Andersen, Bollerslev, Diebold and Labys (2003) and Deo, Hurvih
and Lu (2006) for realised volatility.
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Table 5.1: The GPH estimates of frational dierening parameter d from equation (5.2)
with t-statistis for the foreign exhange, equity and bond markets in Japan, Europe, and
the United States. The power m = T 0.5.
dˆ t-statisti
FX
Japan 0.4435 3.8279
Europe 0.7779 6.7132
US 0.8148 7.0314
Equity
Japan 0.4408 3.8046
Europe 0.4812 4.1532
US 0.7182 6.1984
Bond
Japan 0.5083 4.3864
Europe 0.3898 3.3638
US 0.7443 6.4234
There are two main approahes in the literature to model long term relationships be-
tween volatility series: parametri and semiparametri analysis. A parametri approah is
represented by a vetor error orretion model (VECM) that allows estimation of both long-
run and short-run dynamis of volatility series
21
(Engle and Granger, 1987). A more reent
semiparametri approah is related to idea that frational ointegration an be viewed as
a narrow-band phenomenon at low (zero) frequeny. In this ase the ointegrating ve-
tors an be estimated in the frequeny domain by least squares (Marinui and Robinson,
2001). The semiparametri approah allows for the gaining of information, whether or not
ointegration exists, rather than speulating as to whether the ointegrating relationship
an be estimated. If one is interested in apturing short-term dynamis in volatility, the
semiparametri approah should be supplemented with other models. The main objetive
of this hapter is to develop the model that aptures both long-term and short-term trends
in volatility. For this reason, the lassial parametri VECM is used here.
For a nonstationary n dimensional series the ointegrated VAR model is
∆yt = α(β
′
yt−1 + ρ
′
) +
k∑
j=1
Γj∆yt−j + ǫt, (5.3)
where ∆yt−j = yt−j − yt−j−1 and α,β,ρ,Γ are the parameter matries of the model. The
21
A detailed overview of appliations of VECMs in maroeonomis and nane is Juselius (2006).
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long run dynamis are aptured by the stationary ombinations β
′
yt, while the short-term
dynamis are determined by Γj . The representation theorem of Engle and Granger (1987)
allows a test for ointegration by estimating the rank of the matrix Π = αβ
′
.
Supposing that matrix Π is rank deient and suppressing the onstant term ρ for
simpliity, the model (5.3) an be rewritten in a strutural form as
A∗∆yt = α
∗β
′
yt−1 −
k∑
j=1
Γ
∗
j∆yt−j + εt, (5.4)
in whih A∗ and Γ∗j are matries of strutural oeients and α
∗ = A∗α. The main task
in strutural VECM (5.4) is to estimate the oeients of the matrix A∗. Note that the
strutural models proposed in this hapter are identied by onstrution from the alender
struture of the trading day. However, dierent identiation shemes an easily be used
within the proposed framework.
Both of the models dened in (5.3) and (5.4) imply that data are I(1) proesses. How-
ever, suh an assumption is inonsistent with the results of the previous setion (Table
5.1), where only ve series are nonstationary and the other four series are stationary with
long memory. In order to work the VECM representation into a form suitable for use with
frationally integrated series, it an be inorporated into a time series model using the idea
of Hosking (1981). Given that an estimate of the frational dierening parameter d is
available, dene the lag operator L as
(1− L)d =
∞∑
k=0
δ˜k(d)L
k, (5.5)
where δ˜k(d) = δ˜k−1(d)(k − 1 − d)/k, δ˜0(d) = 1. Kunsh (1986) proposed to trunate the
innite proess in (5.5) at
√
T . In this ase the VECM dened in (5.3) an be rewritten
(suppressing the onstant term) to allow yt to be a frational of order d (Johansen; 2008
and Johansen and Nielsen; 2010) as
∆dyt = ∆
d−d1Ld1αβ
′
yt +
k∑
j=1
Γj∆
dLjd1yt + ǫt, (5.6)
where Ld = 1−∆d, ∆d = (1−L)d, ǫt is n-dimensional i.i.d proess with a positive denite
ovariane matrix V , α and β are n × r parameter matries, and d and d1 are frational
dierening parameters. The model V ARd,d1(k) dened in (5.6) aommodates lassial
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VARFIMA if d1 = 1. The speial ase of the model with d = d1 is
∆dyt = αLdβ
′
yt +
k∑
j=1
Γj∆
dLjdyt + ǫt. (5.7)
The strutural analogue of the model (5.7) an be presented as
A∗∆dyt = α
∗Ldβ
′
yt −
k∑
j=1
Γ
∗
j∆
dLjdyt + εt. (5.8)
Note that the model (5.8) is a speial ase of the system (5.6) with the additional alender
struture represented by matrix A∗. In the empirial study the system (5.8) is always
identied. The time series yt from equation (5.6) is ofrational of order d− d1 when there
exist vetors βi for whih β
′
yt has a unique frational order d− d1.
The model (5.6) an be estimated by maximum likelihood (Johansen and Nielsen; 2012)
using the funtion
logLT (θ) = −T
2
log(det(T−1
T∑
t=1
ǫtǫ
′
t)), (5.9)
where θ represent model parameters and
ǫt = ∆
dyt −∆d−d1Ld1αβ
′
yt −
k∑
j=1
Γj∆
dLjd1yt,
ǫt = ∆
dyt −αLd(β′yt + ρ′)−
k∑
j=1
Γj∆
dLjdyt,
are residuals from the models (5.6) and (5.7) respetively. Johansen and Nielsen (2012)
showed that the parameters α,β,ρ,Γ an be onentrated out of the likelihood funtion
and numerial optimization is only required for the frational parameters d and d1. More-
over, under i.i.d. errors the maximum likelihood parameter estimates (dˆ, dˆ1, αˆ, Γ̂j) are
asymptotially Gaussian, while ρ and β are asymptotially mixed normal. These results
allow for the use of standard inferene for all parameters of the model.
Sine the parameters of the redued model are estimated, the residuals ǫˆt an be used
to reeive parameter estimates of the strutural model (5.8). Implying normality of the
residuals εt the full information maximum likelihood estimates of A
∗
and the strutural
ovariane matrix D are obtained by maximizing
loglT (θ
s) = −n
2
log2π − 1
2
logdet(V )− 1
2(T − t˜)
T∑
t=t˜+1
ǫˆ,tV
−1ǫˆt, θ
s = (A∗,D),
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in whih t˜ is a number of initial observations, V = SS
′
and S = A∗−1D1/2. This maximiza-
tion problem is equivalent to solving the nonlinear system of equations V̂ = SS
′
. Sine A∗
is estimated, the strutural parameters Γ
∗
j an be obtained from Γ
∗
j = Aˆ
∗
Γ̂j , where the Γ̂j
are omputed from the redued form model.
A key ingredient for investigating ommonality in volatility is a ointegration test for
rank r. When 0 < r < n (Johansen and Nielsen; 2012), yt is the frational of order d
and β
′
yt is the frational of order d − d1. More speially, the hypothesis of interest is
rank(Π) ≤ r against rank(Π) ≤ n. To test this hypothesis the prole likelihood funtion
(5.9) should be maximized, whih gives the values L(dˆn, dˆn1 , n) and L(dˆ
r, dˆr1, r) under the
two alternatives. The likelihood ratio test statisti for the model (5.6) is then LR(n− r) =
2log(L(dˆr, dˆr1, r)/L(dˆ
n, dˆn1 , n)). Theorem 11 from Johansen and Nielsen (2012) presents the
limit distributions for the likelihood ratio test. In the ase of "weak ointegration", that
is 0 < d1 < 0.5, the likelihood ratio (LR) statisti has a standard asymptoti distribution
χ2(n − r)2. Heuristially under "strong ointegration", whih means that 0.5 < d1 ≤ d,
asymptoti theory is nonstandard and the LR statisti is
LR(n− r) D→ tr
( 1
0
(dW )W
′
d1−1
(  1
0
Wd1−1W
′
d1−1du
)−1  1
0
Wd1−1(dW )
′
)
, (5.10)
where dW is the vetor of inrements of standard Brownian motion and Wd1−1 is the
orresponding vetor frational Brownian motion. The distribution (5.10) is ontinuous in
d1 and an be omputed using the numerial algorithm of MaKinnon and Nielsen (2014).
This framework an be used to investigate volatility transmissions aross global nanial
markets. In partiular, the realised volatility series are expeted to be I(d) but frationally
ointegrate to an I(0) proess. In this ase the parameters β naturally govern the long
term relationship between volatilities. To hek the absene of frational ointegration the
linear hypothesis βij = 0 an be tested.
The ommonality in volatility and the volatility dissimilarity hypotheses an now be
formulated in terms of ointegration. Within the model (5.7), the ommonality hypothesis
is represented by inequality r > 0, whih means that there exists at least one ointegration
vetor. If volatility series are not ofrational, the ommonality is rejeted and the dis-
similarity hypothesis is aepted. In this ase, the dynamis of volatility an be modelled
using a simple frational (S)VAR. Moreover, if the ointegration rank r of the model (5.7)
is equal to n− 1 there are n− r I(d) omponents usually referred to as ommon trends. In
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this ase, the volatility pattern an be explained by a single ommon fator. This situation
oinides with the world wide meteor shower ase of Engle, Ito and Lin (1990b). If the
ommonality in volatility is found the (S)VECM an be used to apture both the long and
the short run dynamis. The presented (S)VECM is more parsimonious, suggesting a less
ompliated lag struture; in addition, long memory and non-stationarity of volatility an
be aptured.
5.3 Common trends in volatility between nanial markets
This setion analyses the volatility interation between the foreign exhange, equity, and
bond markets within eah of the three trading zones, Japan, Europe, and the United
States. For the moment the assumption is that eah of the trading zones is unaeted
by the others. This is a rather strit assumption, whih will subsequently be relaxed,
after the simple benhmark models have been examined. The eonometri model to be
estimated here is the frational VECM (5.7) in eah of the three global trading zones. In
this ase yt is the vetor of minimum realised volatilities for the foreign exhange, equity
and bond markets for a given trading zone. The absene of any ommon trend in realised
volatilities the model will imply that the ointegrating rank of the system (5.7) is zero. In
this instane, the volatility dynamis an be estimated by a simple frational VAR without
an error orretion term. On the other hand, the hypothesis of ommonality in volatility
is represented by a non zero ointegration rank r > 0. In this ase, the global volatility
pattern an be desribed by the VECM (5.7). Moreover, in the ase where the ointegration
rank is r = n− 1, the realised volatilities share a single ommon trend (Stok and Watson,
1988) and one frationally integrated proess desribes the evolution of volatility in all
zones.
The rst pratial issue at hand is the orret hoie of optimal lag length, k. Given
the rapid dissemination of news in nanial markets, intuition would suggest that one
week (5 trading days) would be enough to apture all of the relevant information in lagged
values of realised volatility. Moreover, as reported by Andersen, Bollerslev, Diebold and
Labys (2003), long-memory VAR models of volatility require less lags than lassial VARs.
Formally, the hoie may be guided by relying on well known information riterion (AIC
and BIC) for lag length seletion and heking if the inluded Γk, the oeient matries
on the lag dierenes of the dependent variables, are statistially signiant. As expeted,
95
Table 5.2: Optimal hoie of lag length k and ointegration rank r for equation (5.7) for
Japan, Europe, and the United States.
Japan Europe U.S.
Lag length k Rank r Lag length k Rank r Lag length k Rank r
2 2 2 2 1 2
the BIC favour a more parsimonious lag struture than the AIC. Overall, two lags were
hosen as being suient for all models.
Table 5.2 presents the estimates of the ofrational rank r for the VECM estimated for
eah of the regions. The estimates of r were obtained by applying the likelihood ratio test
outlined in the previous setion to eah of the three models. It is interesting to note that
every zonal model ontains two ofrational equations, implying that volatility in the two
markets an be expressed as a funtion of volatility in the third market, or equivalently,
that there is one driving fator for volatility in eah of these regions.
The estimates of the system (5.7) for eah of the trading zones are reported in Table
5.3. The estimates are obtained by imposing the triangular restritions on the model, whih
require that the top blok of β be the identity matrix (Phillips, 1991). As the primary
interest of this setion is the linkages between markets, only the estimates of α,β and d are
reported. Turning rst to the results for the Japanese region, that the oeient dˆ > 0 is
signiant indiates that Japanese volatility is not stationary. The matrix αˆJP apture the
long-run dynami volatility feedbak eet implied by the model. The only insigniant
parameter α32 implies the weaker onnetion between the bond and equity markets in
Japan. It is possible to onjeture that the ointegrating vetor βˆJP1 = [1, 0,−3.0234]
′
is
assoiated with the volatilities in the foreign exhange and bond markets, showing that the
hypothesis of the absene of frational ointegration, β32 = 0, is rejeted. The long-run
ties represented by the βˆJP2 are also signiant. The general pattern in European volatility
reported in Table 5.3 is similar to the Japanese market. The matrix αˆEU ontains similar
signs in the oeients relative to αˆJP . Both Japanese and European markets in this ase
have a single driving fator behind the I(d) features of the volatility series.
The model estimates in the United States market, however, are slightly dierent. First
of all, the volatility series are stationary (albeit marginally so) with dˆUS = 0.4984. This is
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Table 5.3: Coeient estimates of the VAR in (5.7) estimated using realised volatility in
Japan, Europe and the United States for eah of the three markets. Robust t-statistis are
presented in brakets. Coeients that are signiant at the 5% level are marked (*)
Parameters Estimates
dˆJP = 0.7541∗
(14.4)
βˆJP =

1 0
0 1
−3.0234∗ −47.801∗

αˆJP =

−0.2691∗
(16.3)
0.0128∗
(7.83)
6.8594∗
(43.4)
−0.5483∗
(56.5)
0.0771∗
(9.60)
−0.0011
(1.56)

dˆEU = 0.5544∗
(4.46)
βˆEU =

1 0
0 1
−1.6301∗ −14.232∗

αˆEU =

−0.1439∗
(7.75)
0.0153∗
(2.44)
0.6523∗
(2.28)
−0.1280∗
(26.2)
0.3474∗
(2.39)
−0.0031∗
(3.19)

dˆUS = 0.4984∗
(13.0)
βˆUS =

1 0
0 1
−1.9533∗ −12.131

αˆUS =

−0.0888∗
(25.2)
0.0102∗
(3.44)
−0.4879
(1.49)
0.0457
(1.06)
0.1400∗
(7.20)
−0.0014
(0.79)

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surprising given the results from Table 5.1 where all of the volatility series in the United
States are nonstationary. The volatility linkages in the United States market appear to
be weak. The oeient βˆUS32 is insigniant at the 5% level, indiating a weaker long
run relation within this market. This is quite surprising as the equity market is normally
onneted to other markets. However, the LR test rejets the hypothesis H0 : β31 = β32 = 0
relating to the absene of frational ointegration in the model. The results of this setion
establish weaker long-run ties between volatilities in the United States, while the patterns
are similar in Japan and Europe. A fairly strong prima faie ase for the `ommonality in
volatility' hypothesis in all three zones is onrmed.
5.4 Common trends in volatility aross trading zones
This setion onsiders the volatility patterns between the three global trading zones, Japan,
Europe, and the United States in eah of the three nanial markets. In this ase, yt
is dened as the vetor of realised volatilities for a partiular asset in eah of the three
trading zones. The question of interest now is whether or not the volatilities of returns in
a partiular asset lass are linked aross trading zones. The rst problem to overome is
that, unlike the analysis of Setion 5.3, there is a sope for intra-day interation between the
volatility of a given nanial asset between the trading zones. For example, events in the
foreign exhange market in Japan an inuene the volatility of the foreign exhange market
in both Europe and the United States on the same trading day. In fat there is a natural
ordering in eah alendar day that imposes the struture JPt → EUt → USt. Consequently,
the VECM methodology must be augmented slightly and a strutural VECM (SVECM)
must be estimated where the alendar struture of the trading day imposes a reursive set
of short-run restritions on the intra day interations of the variables.
The SVECM model for the realised volatility of a partiular asset in eah of the trading
zones is now represented by the system of equations (5.8) in whih A∗ is a (3 × 3) matrix
representing the interation between the variables that takes plae on the same trading
day. All of the other parameters have the same meaning as in the previous setions. As
already disussed, the model has a natural reursive struture with the intra day matrix,
A∗, restrited to be the lower triangular matrix
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A∗ =

1 0 0
−a∗21 1 0
−a∗31 −a∗32 1
 , (5.11)
in whih a∗21 aptures the inuene of the Japanese zone on the European zone, and a
∗
31
and a∗32 model, respetively, the eets of Japan and Europe on the United States.
One again, the absene of any ommon trend in realised volatilities will imply that the
ointegrating rank of the system (5.8) is zero and the volatility dynamis an be estimated
by a simple frational SVAR without an error orretion term. On the other hand, the
hypothesis of a single underlying ommon trend, whih may be interpreted as the ommon
global news ow, will be represented by a non-zero ointegration rank given by r = n− 1.
In this ase, the impat of volatility is independent of the trading zone, with one proess,
namely global news, desribing the evolution of volatility in all zones.
The results of estimating the model (5.7) with the strutural ordering (5.11) for the
foreign exhange market are given in Table 5.4. In partiular the lagged parameters α,β
and Γj are estimated from the equation (5.7), while the matrix of intra-day eets, A
∗
, is
obtained from the strutural model (5.8). Similar to the previous setion, the ointegrating
rank r is estimated using the LR test. The foreign exhange market appears to have fairly
omplex dynamis with most of the oeients of the SVECM signiant at the 5% level.
The intra-day linkages, represented by the oeients a∗21 for Europe, and a
∗
31, a
∗
32 for the
United States, are signiant. The unambiguous onlusion seems to be that intra-day
eets matter in the foreign exhange market. The size of these eets do dier however,
implying the largest impat from Japan to Europe.
Another interesting result is that in the long run, volatility linkages between Europe,
Japan and the United States are represented by a single ommon trend. Suh ommonality
is also supported by the signiant oeients β32 and β31, whih are lose to the negative
unity. The only zone that has a set of lagged oeients γi2 that are all statistially
signiant for both Γ1 and Γ2 is Europe. In other words, in the short run, lagged volatility
from Europe is important for explaining volatility in all zones. This result does not support
the onjeture of Engle, Ito and Lin (1990b) that if volatility spillovers do our, they
probably ow from New York to the overseas trading entres.
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Table 5.4: Coeient estimates of the VAR in (5.7) for the global foreign exhange market
with the relevant alender struture represented by A∗ from equation (5.11) are reeived
using realised volatility for eah of the three trading zones. Robust t-statistis are presented
in brakets. Coeients that are signiant at the 5% level are marked (*)
Parameters Estimates
rˆ = 2
d = 0.5732∗
(11.23)
A∗ =

1 0 0
−0.3682∗
(5.96)
1 0
−0.2087∗
(2.60)
−0.2430∗
(2.29)
1

α =

−0.1106∗
(3.49)
−0.0356
(0.63)
0.0012
(0.55)
−0.3972∗
(18.5)
0.5491∗
(12.6)
0.1672∗
(3.50)

β =

1 0
0 1
−0.4322∗ −0.7640∗

Γ1 =

−0.6427∗
(6.24)
0.1868∗
(12.7)
−0.0052
(0.22)
−0.0236∗
(2.60)
−0.4352∗
(27.4)
−0.1233∗
(3.78)
−0.5168∗
(13.5)
−0.2604∗
(8.23)
−0.4784∗
(6.62)

Γ2 =

−0.1827∗
(2.28)
0.3189∗
(14.5)
0.0423
(1.13)
0.4387∗
(3.87)
−0.4429∗
(11.02)
0.0242
(0.38)
0.9704∗
(4.87)
−0.4399∗
(3.34)
−0.0984∗
(2.56)

Results for the same analysis of the equity market are presented in Table 5.5. Two
oeients of the matrix of intra-day eets A∗ are signiant at the level of 5%. These
signiant eets are intra-day spillovers on realised volatility in the equity market from
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Japan to Europe and from Europe to the United States. This result is perhaps suggestive
in that the eet from Japan to the United States operates via Europe. Overall, the
magnitudes of the oeients in A∗ are larger in this market.
Table 5.5: Coeient estimates of the VAR in (5.7) for the global equity market with
the relevant alender struture represented by A∗ from equation (5.11) are reeived using
realised volatility for eah of the three trading zones. Robust t-statistis are presented in
brakets. Coeients that are signiant at the 5% level are marked (*)
Parameters Estimates
rˆ = 1
d = 0.4275∗
(10.9)
A∗ =

1 0 0
−0.4526∗
(2.87)
1 0
−0.2542
(1.66)
−0.5797∗
(3.86)
1

α =

−0.3186∗
(9.26)
0.0115
(0.14)
0.2643∗
(2.98)

β =

1
−0.2401∗
−0.4492∗

Γ1 =

−0.0570∗
(2.75)
−0.0888∗
(5.87)
0.0380
(1.26)
0.2146∗
(3.37)
−0.8695∗
(45.6)
0.3962∗
(5.51)
−0.1174
(1.55)
−0.0140∗
(2.26)
−0.1440
(1.34)

Γ2 =

0.2218∗
(4.18)
0.2074∗
(4.63)
0.4206∗
(4.83)
−1.2615∗
(3.86)
0.4876∗
(2.11)
0.8852∗
(6.39)
−0.9845∗
(4.19)
0.6968∗
(6.14)
0.5433∗
(2.59)

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The most striking result from Table 5.5 is the presene of only the one ointegration
vetor, a result that suggests two underlying ommon trends, and hene, a rejetion of
the world-wide news hypothesis. In the long term, all zones are interrelated, that is all
oeients in β are signiant. In ontrast to the foreign exhange market volatility in
the equity market is a stationary proess. The overall pattern in the equity market an be
summarised as one of signiant interations between zones driven by two latent fators.
Table 5.6: Coeient estimates of the VAR in (5.7) for the global bond market with
the relevant alender struture represented by A∗ from equation (5.11) are reeived using
realised volatility for eah of the three trading zones. Coeients that are signiant at
the 5% level are marked (*)
Parameters Estimates
rˆ = 2
d = 0.4501∗
(18.3)
A∗ =

1 0 0
−0.1020
(1.83)
1 0
−0.2987∗
(3.73)
−0.0298
(0.30)
1

α =

−0.0817∗
(6.65)
−0.0220∗
(4.98)
−0.3113∗
(3.67)
−0.3129∗
(4.30)
0.3348∗
(13.2)
−0.0093
(0.37)

β =

1 0
0 1
−0.1788 −1.2315∗

Γ1 =

−0.2783∗
(9.03)
0.0312
(1.91)
−0.0013
(0.35)
0.6821∗
(4.81)
−0.5629∗
(16.2)
−0.3524∗
(3.42)
−0.1969∗
(4.31)
0.0024
(0.18)
−0.3433∗
(6.73)

Γ2 =

0.2544∗
(4.37)
0.1971∗
(2.45)
0.0287
(0.41)
0.3630∗
(2.75)
−0.5615∗
(6.22)
−0.1003
(0.66)
0.0512
(0.18)
0.0208
(0.45)
−0.7383∗
(20.0)

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The results for the bond market are presented in Table 5.6. One an see this market
has a similar pattern of results to the foreign exhange market, however, some important
distintions should be disussed. Surprisingly, the intra-day eets from Japan to Europe
and from Europe to the United States represented by the oeients a∗21 and a
∗
32 are not
signiant. In the long run, however, Europe and the United States are losely related, a
onlusion whih is supported by the signiant oeient β32 = −1.2315 and also by the
fat that β31 is not statistially signiant.
The results for all three markets an be linked to the institutional features of these
markets disussed in Chapter 3. In partiular, as follows from Chapter 3, the equity futures
markets are more sensitive to the global fators (e.g. global news ow), whih suggests that
Japanese, European and the United States equity markets are stronger interrelated than
bond or foreign exhange markets. This pattern is onrmed by larger signiant oeients
in matrix A∗ for equity market, omparing to respetive oeients reported in Tables 5.4
- 5.6.
Overall, these results lead to an important onlusion that it is not possible to regard
eah trading zone as being ompletely independent of the others. A seond interesting
onlusion to emerge from this analysis is that there are strong linkages between realised
volatility in all three trading zones in all of the markets in the long run. The existene of a
single global news stream driving volatility is aepted for the foreign exhange and bond
markets, but the evidene is less ompelling for the equity market. Consequently, there is
strong motivation to pursue this avenue of enquiry in a general model that enompasses
the models addressed in the previous two setions.
5.5 A general model of volatility interation
A model apable of analysing volatility patterns aross both international trading zones
and between nanial markets simultaneously is now proposed. Essentially, the frational
VECM of Setion 5.3 and the strutural VECM of Setion 5.4 are ombined into an unre-
strited model. This general model is given by
A
∗∆dYt = α
∗Ldβ
′
Yt −
k∑
j=1
Γ
∗
j∆
dLjdYt + εt, εt ∼ iid N(0,D) (5.12)
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in whih
A
∗ =

1 0 0 0 0 0 0 0 0
−a∗21 1 0 −a∗24 0 0 −a∗27 0 0
−a∗31 −a∗32 1 −a∗34 −a∗35 0 −a∗37 −a∗38 0
0 0 0 1 0 0 0 0 0
−a∗51 0 0 −a∗54 1 0 −a∗57 0 0
−a∗61 −a∗62 0 −a∗64 −a∗65 1 −a∗67 −a∗68 0
0 0 0 0 0 0 1 0 0
−a∗81 0 0 −a∗84 0 0 −a∗87 1 0
−a∗91 −a∗92 0 −a∗94 −a∗95 0 −a∗97 −a∗98 1

, Yt =

jp
fx
t
eu
fx
t
us
fx
t
jp
eq
t
eu
eq
t
us
eq
t
jp
bd
t
eu
bd
t
us
bd
t

,
the matries Γ
∗
j , j > 1 are parameter matries for lag j, α
∗ = Aα, and εt is a vetor of
non-orrelated disturbanes with ovariane matrix D.
The upper left, middle, and lower right shaded bloks of the matrix A
∗
highlight o-
eients desribing the behaviour of intra day volatility interation within the foreign
exhange, equity, and bond markets. As in the previous setion, the struture of these
matries inorporate the alendar restritions imposed by the denition of the global trad-
ing day. Eah of these matries orresponds to the matrix of intra day eets estimated
in Setion 5.4 as separate entities for eah market. The main innovation in this general
model is in the o-diagonal oeient bloks, whih now desribe the intra day eets from
all of the other asset markets in all of the trading zones, whih the single-market analysis
of Setion 5.4 ignored. For example, the oeient a∗51 measures the intra day inuene
of the Japanese foreign exhange market on the European equity market. Similarly, a∗62
measures the intra day eet from the European foreign exhange market on the United
States equity market. It is important to note that events in the United States and Europe
an only aet Japan at the opening of the following global trading day.
The ointegration rank, estimated using the LR test disussed earlier, is found to be
r = 8. This is a very signiant result beause it onrms that in this general model there
is a single ommon trend, whih underlies realised volatility in all these markets and aross
all zones. The parameters θs = {A∗, d,α∗,β,Γ∗1,Γ∗2} of the system of equations (5.12) are
estimated by maximum likelihood for k = 2 lags using the same proedure as outlined in
Setion 5.3. The results are reported for A
∗,α,β and d only, as this is where the major
interest lies. Estimates of matrix A
∗
, with stars indiating the signiane of individual
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oeients at the 5% level, are:
A
∗ =

1 0 0 0 0 0 0 0 0
−0.343∗
(5.86)
1 0 −0.001
(0.17)
0 0 −0.072
(0.63)
0 0
−0.168∗
(1.97)
−0.191∗
(2.03)
1 0.002
(0.38)
−0.015∗
(2.32)
0 −0.152
(0.70)
0.004
(0.05)
0
0 0 0 1 0 0 0 0 0
−0.576
(0.56)
0 0 −0.426∗
(4.40)
1 0 −7.221∗
(2.08)
0 0
−0.106
(0.10)
0.496
(0.33)
0 −0.155∗
(1.99)
−0.524∗
(4.10)
1 −8.325∗
(2.94)
−0.221
(0.32)
0
0 0 0 0 0 0 1 0 0
−0.051
(0.80)
0 0 −0.004
(1.69)
0 0 −0.007
(0.20)
1 0
0.028
(0.81)
−0.147∗
(2.76)
0 0.004
(0.56)
−0.028∗
(1.97)
0 −0.003
(0.04)
−0.004
(0.05)
1

.
The rst thing to note, is that the intra-day volatility patterns between the zones for a
partiular market for the general model (shaded areas) are similar to the results presented
in Setion 5.4 (matries A∗ of Tables 5.4, 5.5 and 5.6 for the foreign exhange, equity,
and bond markets respetively). What is apparent, however, is that the oeient values
reported here are slightly smaller than the orresponding values reported in Tables 5.4,
5.5 and 5.6. This is in aordane with intuition allowing for additional linkages that will
absorb some of the transmission that redues the size of existing oeients. Moreover,
the oeients in the highlighted blok related to the bond market are not signiant now,
whih adds one additional argument regarding separating the nature of volatility in this
market. This is not surprising given the minimal intra day eet in Japanese bond market
in Table 5.6.
Most of the oeients in the non-shaded panels of the matrix A
∗
are insigniant, whih
means that intra day eets between the respetive markets are not strong. However, there
are ve signiant oeients, whih are:
1. a∗35, the eet of the European equity market on the United States foreign exhange
market;
2. a∗57, the eet of the Japanese bond market on the European equity market;
3. a∗67, the eet of the Japanese bond market on the United States equity market;
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4. a∗92, the eet of the European foreign exhange market on the United States bond
market; and
5. a∗95, the eet of the European equity market on the United States bond market.
Taken together with the previous results for the shaded bloks whih show a strong and
signiant pattern of inuene from Europe to the United States in eah of the foreign
exhange and equity markets (a∗32 and a
∗
65, respetively), the overall pattern that seems to
emerge is one in whih the developments in European markets have a signiant inuene
on what happens in the United States markets later on the same day. Moreover, the results
onrm the ndings of Hong (2001) onerning the linkage between lagged volatility in the
European and Japanese foreign exhange markets.
The long term volatility impat is given by the oeients of the matrix β. Parameter
estimates for β, with stars indiating signiane at the 5% level, are as follows:
β=

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
−0.91∗ −1.44 −1.96 −13.1∗ −15.1 −18.9 −0.32∗ −0.87∗

.
The olumns of the matrix β represent ointegration vetors of the general model. Only four
values are signiant, whih might be interpreted as follows: eah of the foreign exhange
and the equity markets has a single ointegrating relation, while the bond market is driven
by a ommon stohasti trend. Suh a result leads to the important onlusion that the
global market an be explained by the world wide meteor shower hypothesis. The matrix
of the oeients α aptures the speed of onvergene in the long run:
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α=

−0.46∗
(2.42)
0.09
(1.42)
−0.00
(0.22)
−0.00
(0.26)
0.01
(1.33)
0.00
(0.43)
0.32∗
(2.18)
−0.05∗
(2.89)
0.11∗
(2.18)
−0.61∗
(9.15)
0.31∗
(2.18)
−0.01∗
(2.70)
0.01∗
(2.51)
−0.00
(0.82)
0.15∗
(3.76)
0.04∗
(2.16)
0.64∗
(4.02)
0.09
(1.11)
−0.43∗
(6.69)
−0.01∗
(1.98)
0.00
(1.02)
0.00
(0.62)
0.10
(1.51)
0.04
(1.01)
9.34
(1.19)
−4.57∗
(8.62)
1.22∗
(1.99)
−0.79∗
(3.33)
0.05
(1.28)
0.16∗
(2.76)
5.78
(1.77)
0.09∗
(5.34)
1.44
(1.52)
0.68∗
(2.08)
−0.14
(1.30)
−0.36∗
(7.09)
−0.33∗
(2.79)
0.30∗
(4.45)
4.00∗
(7.21)
1.35∗
(6.64)
4.43∗
(7.05)
−0.88∗
(3.43)
1.67
(1.56)
−0.21
(1.55)
−0.02
(1.15)
−0.16∗
(5.51)
4.02∗
(24.8)
−0.30
(0.96)
0.03
(0.89)
−0.01
(0.67)
0.01
(1.27)
−0.00
(0.34)
−0.00
(0.85)
−0.00
(0.49)
−0.19∗
(4.34)
0.00
(0.84)
−0.33∗
(3.05)
0.50∗
(6.12)
0.05
(1.12)
0.01
(0.92)
0.02∗
(4.47)
−0.02∗
(2.12)
0.05
(1.39)
−0.76∗
(8.43)
−0.01
(0.71)
0.14∗
(2.40)
0.09∗
(3.55)
−0.00
(0.95)
−0.01
(1.91)
0.01
(0.82)
0.20∗
(4.12)
0.04∗
(2.79)

.
An interesting pattern is evident in the blok of signiant oeients in the fourth
olumn. All of these oeients are related to the equity market, whih implies a signiant
ontribution of this market to the global market volatility in the long run. Finally, the
signiant frational parameter d = 0.6680 reveals non-stationarity in volatility of the
global market.
To sum up the ase for intra-day interation between markets and trading zones, there
are two broad onlusions to draw. First, there is ompelling evidene of a ommonality in
volatility in the short run for the equity and foreign exhange markets, in whih volatility
in one trading zone is driven by events from other zones. The bond market does not play
any role in inuening events in Europe and the United States. Seond, there are enough
signiant oeients outside of the diagonal bloks to suggest that the volatility spillovers
also our between markets for dierent assets.
Inter market volatility linkages (oeients outside of the diagonal bloks) are not
partiularly strong. The only exeption is related to the parameters a∗57 and a
∗
67, whih
represent the inuene of volatility in the Japanese bond market on all the equity markets.
This eet is large in magnitude and does appear to be statistially signiant. One again,
this emphasises that volatility linkages are partiularly omplex and no simple explanation
is available. In the long run there is a world wide news ow that an be interpreted as a
ommon stohasti trend for the global market.
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6 Volatility and news
In the previous hapter, the existene of a global news stream that drives volatility in the
foreign exhange, equity, and bond markets was onrmed. Moreover, Chapter 4 found the
speial role of jumps in the equity market. This hapter of the thesis aims to deepen the
understanding of the news-volatility relationship in the global equity market. To do so the
news is identied as an observable variable and inluded in the frational error orretion
model proposed in the previous hapter. Given a tone of news, information volatility an
be used to identify the driving fator of volatility in the global equity market (Setion 6.3).
6.1 Volatility and news within Australia, Europe and the United States
Early results of Mandelker (1974), Aharony and Swary (1980) and Asquith and Mullins
(1986) onrmed that asset pries hange due to unexpeted fundamental information.
Chapter 3, Figure 3.7, showed that Japanese news was mainly represented by preshed-
uled items due to a strong seasonal pattern, while news in Australia, Europe, and the
United States seems to be unexpeted. For this reason, the data set used in this hapter is
represented by news and volatility series in Australia, Europe, and the United States.
The ontroversial results of Roll (1988) showed little relation between stok pries and
publi announements. Extending the ndings of Roll (1988), Shiller (1981), Berry and
Howe (1994) and Mithell and Mulherin (1994) explained prie movements as irrational
noise trading or the transmission of private information. This setion revisits the volatility-
news relation hypothesis for the global equity market. It is assumed that there is no
interation between markets, whih means that volatility in every zone an be explained
by the news ow from the same zone
22
.
The framework of Campbell and Shiller (1988) states that
rt − Et−1(rt) = (1− ̺)
∞∑
j=0
̺j(Et − Et−1)(ϑt+j+1)−
∞∑
j=0
̺j(Et − Et−1)(rt+j+1), (6.1)
where rt is the log return from time t−1 to t, ϑt is the orespondent log dividend, and Et(·)
is the onditional expetation given information at the time t. The unexpeted returns
represented by the left-hand side of equation (6.1) an be naturally modeled using the
22
This simplifying assumption will be relaxed in the following setions.
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GARCH(1,1) framework
23
of Engle (1982), whih implies
rt −Et−1(rt) = ǫt, (6.2)
ht = κ+ a1ht−1 + b1 r
2
t−1, (6.3)
in whih ǫt is the innovation term with mean 0 and onditional variane ht and κ, a1 and
b1 are parameters.
In order to explain volatility in terms of news announements an additional term, rep-
resenting the news proess, an be inluded in equation (6.3). Due to the strong persistene
of news (see Chapter 3) the ltered series are hosen to be inluded into the model. Now
the model dened in (6.2) and (6.3) an be adapted to the ase of three trading zones
24
as
rt = ǫt,
ht = K +Aht−1 +B r
2
t−1 +C∆
dǫ2news,t (6.4)
where ht = [hau,t heu,t hus,t]
′
, r2t = [r
2
au,t r
2
eu,t r
2
us,t]
′
, ∆d = diag[∆dau ,∆deu ,∆dus ]
′
and the
subsripts are self evident. The parameter matries of interest are
A =

a11 0 0
0 a22 0
0 0 a33
 , B =

b11 0 0
0 b22 0
0 0 b33
 , C =

c11 0 0
0 c22 0
0 0 c33
 .
The main dierene in the model (6.4) from the onventional GARCH is that news variables
are observable. Engle, Ito and Lin (1990b) used a similar model to explain volatility
spillovers between Asia, Europe, and the United States by interpreting news as an ARCH
term. However, their model did not allow for ontemporaneous eets between news and
volatility
25
. Moreover, an empirial relationship between news and volatility (Kalev, Liu,
Pham and Jarnei (2004) for the Australian stok market and Hautsh, Hess and Veredas
(2011) for the German bond market) is normally onrmed only for the high (minute)
frequeny data, while suh a relationship is generally poorly identied on a daily frequeny.
23
A similar representation of unexpeted returns was used by Engle and Rangel (2008) to analyse the
impat of GDP, ination indies, exhange rates, and short-term interest rates on volatility in the global
equity market.
24
The onstant term is suppressed for simpliity.
25
Alternatively, volatility an be linked to maroeonomi ativity as in Engle, Ghysels and Sohn (2013),
who found that higher ination aused higher volatility.
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Table 6.1: The table reports estimates of the GARCH-X model from equation (6.4) based on
daily observations from January 4, 2005 to September 28, 2012. The frational dierening
parameters d are signiant aording to asymptoti standard errors. The reported robust t-
statistis are alulated using numerial Gradient and Hessian with (*) denotes signiane
at the 5% level.
Australia Europe United States
∆0.2268ǫ2
news,t 0.0000
(0.01)
- -
∆0.3450ǫ2
news,t - 0.0161
∗
(2.68)
-
∆0.4278ǫ2
news,t - - 0.0153
∗
(3.25)
K 0.0000
(0.00)
0.0000
(0.00)
0.0000
(0.00)
r2i,t−1 0.1370
∗
(8.61)
0.0726∗
(10.1)
0.1233∗
(11.2)
hi,t−1 0.8385
∗
(83.8)
0.9108∗
(151)
0.8392∗
(85.6)
The estimation results of the model (6.4) are presented in Table 6.1. Before disussing
these results, note that model (6.4) was estimated in two steps. In the rst step, a semi-
parametri estimate of d was obtained by applying the Geweke and Porter-Hudak (1983)
regression. The seond step estimates the GARCH-X model using the ltered news series
by maximizing the likelihood funtion with normal residuals. The results reported in Table
6.1 reveal signiant lagged eets in all three zones. Contemporaneous eets are signi-
ant in Europe and the United States, whih provides further support that days with more
news are more likely to be assoiated with higher volatility. However, Australian news
has no impat on volatility on the same day. Bhattaharya, Daouk, Jorgenson, and Kehr
(2000) found that the Mexian stok market did not reat to ompany news, while the
volatility of returns, volume of trade and bid-ask spreads followed expeted patterns. They
suggested that unrestrited insider trading aused pries to fully inorporate the informa-
tion before its publi release. Another explanation of independene of news and volatility
an be related to a slow response of investors to valid information, whih is supported by
Chan (2003). The speed of the response an be rooted in the time varying sensitivity of
the prie to the information (see Berger, Chaboud and Hjalmarsson; 2009).
This hapter points toward a dierent explanation for this phenomenon, relying on the
110
interonnetion of the zones of the global equity market. In partiular, volatility and news
in any zone are driven by the same proess, whih attributes onditional heterosedastiity
of stok returns to time-dependene in the global news arrival proess. Suh a supposition
is onsistent with the Mixture Distribution Hypothesis of Clark (1973). To investigate the
news-volatility puzzle in more detail, long term trends in volatility should be taken into
onsideration. Suh trends an be naturally aptured using the ointegration methodology
of Johansen (1991, 2008), whih was disussed earlier.
6.2 Can ommon trends in volatility be explained by news?
The results of the previous setion imply that volatility in Europe and the United States
are ontemporaneously related to the news ows in these zones, while suh an eet is not
present in the Australian stok market. Taking another view, this setion investigates the
ommonality between volatility and news in the long run, permitting volatility spillovers
between zones within the same trading day. The vast majority of literature has studied
the impat of news announements on volatility within a single ountry (Ederington and
Lee, 1993). The study by Jiang, Konstantinidi and Skiadopoulos (2012) appears to be
the only study that has examined the relationship between news and stok market volatil-
ity spillovers. However, they did not allow for intra day volatility and news eets and
restrited their analysis to only lagged eets from the previous days.
To motivate the importane of apturing the long-term linkages between volatility and
news ows, the oherene measure of these variables is rst onsidered. Coherene is
similar to the square of the orrelation between two series, taking values from zero to one,
representing no relation and perfet orrelation, respetively. However, the oherene is a
funtion of frequeny, whih allows for the absene of any relationship between the series
at dierent periodiities.
Estimates of oherene are based on Welh's lassi method (Granger and Hatanaka,
1964). Follows from Figure 6.1, the oherene between volatility and news is loser to one
for the lowest frequenies and derease to lose to zero for the higher frequenies. Moreover,
volatilities between Europe and the United States are more strongly related in the long run
than between Australia and the United States. News series have similar patterns in all three
zones, whih implies a strong ommonality between them. For this reason, the dynami
relation between news and volatility should be examined in the long run in more detail.
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Moreover, the natural alender struture of a trading day doumented by Engle, Ito
and Lin (1990b) and disussed earlier in this thesis, needs to be taken into aount. For
example, events in Australia an inuene the volatility in both Europe and the United
States in the same trading day. In fat, there is a natural ordering in eah alendar day
that imposes the struture aut → eut → ust. Consequently the model disussed in this
setion must be represented in a strutural form in whih the alendar struture of the
trading day imposes a reursive set of short-run restritions on the intra day interations
of the variables.
The model is given by
A∗∆dyt = α
∗Ldβ
′
yt −
k∑
j=1
Γ
∗
j∆
dLjdyt + εt, εt ∼ iid N(0,D) (6.5)
in whih
A∗ =

1 0 0 0 0 0
−a∗21 1 0 −a∗24 0 0
−a∗31 −a∗32 1 −a∗34 −a∗35 0
0 0 0 1 0 0
0 0 0 −a∗54 1 0
0 0 0 −a∗64 −a∗65 1

, yt =

au
vola
t
eu
vola
t
us
vola
t
au
news
t
eu
news
t
us
news
t

,
the matries Γ
∗
j are nuisane parameters for lag j, α
∗ = A∗α and β are parameter matri-
es apturing long term dynamis, and εt is a vetor of disturbanes with n× n ovariane
matrix D. This is the o-frational VAR of Johansen and Nielsen (2010, 2012) extended
to take into aount the struture of the trading day. Suh a model is a natural framework
that allows long-run and short-run relationships between frationally integrated variables
to be identied. As a result, equation (6.5) denes an error orretion model with fration-
ally ointegrated variables I(d). The upper left and lower right shaded bloks of matrix
A∗ highlights oeients desribing the transmission of volatility and news in the equity
markets within eah trading day. The struture of these matries inorporates the alen-
dar restritions imposed by the denition of the global trading day. The feedbak eets
from volatility to news represented by the lower left blok are restrited to be zero in the
model. The triangular restritions are imposed, whih requires that the top blok of β be
the identity matrix (Phillips, 1991).
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Figure 6.1: Coherene between volatility and news in Australia, Europe, and the United
States aross frequenies. The gure plots the oherene between volatility in dierent zones
(upper panel), volatility and news (middle panel), and news ows (lower panel) imposing
the natural alender struture of the trading day. The estimates are reeived using Welh's
averaged modied periodogram method based on daily observations from January 4, 2005
to September 28, 2012.
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The absene of any ommon trend in realised volatilities and news ows will imply that
the ointegrating rank of the system (6.5) is zero. In this instane, the volatility dynamis
an be estimated by a simple frational VAR without an error orretion term. On the
other hand, the hypothesis of ommonality between news and volatility is represented by
a non zero ointegration rank r > 0. In this ase the global news-volatility pattern an be
desribed by the full VECM (6.5). Moreover, in the ase where the ointegration rank is
r = n − 1, the realised volatilities and news ows share a single ommon trend, whih is
the driving fator behind the I(d) features of yt (Stok and Watson, 1988). In this ase,
there is only one frationally integrated proess desribing the evolution of volatility in all
zones. This situation is similar to the eet known as the meteor shower with world-wide
news ows doumented by Engle, Ito and Lin (1990b).
The rst pratial issue at hand is the orret hoie of an optimal lag length, k. As
reported in the previous hapter, intuition would suggest that one week (5 trading days)
would be enough to apture all of the relevant information in lagged values of realised
volatility and news. Moreover, as reported by Andersen, Bollerslev, Diebold and Labys
(2003), long-memory VAR models of volatility require less lags than lassial VARs. For-
mally, the hoie may be guided by relying on well known information riterion (AIC and
BIC) for lag length seletion and heking if the inluded Γ
∗
k, the oeient matries on
the lag dierenes of the dependent variables, are statistially signiant. As expeted, the
BIC favours a more parsimonious lag struture than the AIC. Again, two lags were hosen
as being suient for the model.
To estimate the ofrational rank r for the VECM (6.5), the test of Johansen and
Nielsen (2012) is applied. The model ontains r = 4 ofrational equations, whih implies
that volatility in every zone an be expressed as a funtion of a news ow, or equivalently
that there is one driving fator for volatility in eah of these regions. The main interest of
this setion lies in investigating the volatility-news relation in the short and the long run.
The former relation is represented by matrix A∗, whose estimates are presented in Table
6.2.
All of the oeients in the lower highlighted blok are signiant at the 1% level, whih
means that news is strongly related with itself in the short run. The upper shaded blok
orresponds with volatility transmissions between Australia, Europe, and the United States
within the same trading day. The spillovers from Australia to Europe and from Europe
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Table 6.2: The table reports maximum likelihood estimates of the ofrational VECMmodel
with volatility and news from equation (6.5) with a strutural restrition α∗ = A∗α based
on daily observations from January 4, 2005 to September 28, 2012. The estimates of Γ
∗
j
are not presented here beause of spae limitation. The frationally dierening parameter
d = 0.4887 is signiant aording to QML t-statistis. The reported QML t-statistis
with (*) denotes signiane at the 5% level. To test signiane of βij the hypotheses
H0 : βij = 0 were tested for eah individual oeient applying likelihood ratio test. CV
and IV are assigned to ointegration and impat vetors respetively.
RV News
Australia Europe United States Australia Europe United States
A∗
′
aauvola,t 1 −0.597∗
(2.27)
−0.047
(0.32)
0 0 0
aeuvola,t 0 1 −0.627∗
(3.77)
0 0 0
ausvola,t 0 0 1 0 0 0
aaunews,t 0 0.079
(0.94)
−0.017
(0.21)
1 −0.370∗
(3.98)
−0.606∗
(2.76)
aeunews,t 0 0 0.018
(1.00)
0 1 −0.301∗
(5.19)
ausnews,t 0 0 0 0 0 1
β
′
CV1 1 0 0 0 −0.431∗ 0.019
CV2 0 1 0 0 −1.331∗ 0.085
CV3 0 0 1 0 −1.531∗ 0.034
CV4 0 0 0 1 −0.314∗ 0.015
α
′
IV1 −0.364∗
(4.04)
0.510∗
(2.26)
0.489∗
(1.98)
0.078
(1.27)
−0.087
(0.36)
−0.466
(0.80)
IV2 −0.060∗
(2.01)
−0.286∗
(3.58)
−0.099
(0.98)
0.007
(0.31)
−0.038
(0.41)
−0.286
(1.25)
IV3 0.110
∗
(4.40)
0.087
(1.34)
−0.026
(0.35)
−0.027
(1.59)
−0.019
(0.28)
0.198
(1.18)
IV4 0.026
(0.34)
−0.148
(0.84)
−0.379∗
(1.71)
−0.126∗
(2.42)
0.607∗
(2.96)
−0.435
(0.87)
to the United States are signiant, while there is no signiant impat from Australia to
the United States. Surprisingly, none of the a∗news,t oeients are signiant, suggesting
that there is no ross-ountry links between news and volatility within the trading day.
This phenomenon an be explained by the long-term patterns represented by ointegrating
vetors in matrix β and orrespondent impat matrix α. In partiular, volatility in all
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zones is signiantly related to news from Europe in the long run. Moreover, ointegration
vetor CV4 reveals a signiant onnetion between Australian and European news.
Another important onsequene of results from Table 6.2 is that institutional hara-
teristis of the equity market predetermine how publi information propagates aross the
market. In partiular, prie limits disussed in Chapter 3 an protet the market from
overreating to news events, espeially during periods of signiant unertainty. Frenh
and Roll (1986) assert that volatility is related to the eets of trading, whih in turn is
motivated by publi information, private information, and by traders overreation. Prie
limits in this ase may aid the market in the prie disovery proess by allowing the market
ool o. As also noted by Frenh and Roll (1986), proponents of the overreation hypoth-
esis would seem to argue that prie limits would be beneial in ontrolling for exessive
volatility as well as unwarranted prie movements. In the presene of results from Table
6.2, a signiant volatility spillover eet from Australia to Europe, represented by the
oeient a = −0.597, an be explained by the absene of daily limits (Table 3.1) dened
for this market.
Overall the news ows are strongly interrelated both in the long and short run, while
signiant ties between news and volatility are pronouned only in the long run. Suh
ndings onrm the results of Jiang, Konstantinidi and Skiadopoulos (2012) that news
announements do not fully explain the volatility spillovers. However, to investigate the
dynamis of interation between volatility and news, impulse response analysis is presented.
6.2.1 Impulse responses
Here, the response of news and volatility aross the trading zones to a range of shoks
will be examined using impulse response analysis. These results will reveal the relative
importane of news and volatilities from the various zones on the overall global market.
To begin, the solution of the model in equation (6.5) is given by the properties of the
polynomial (see Johansen and Nielsen 2012, p.2674)
Ψ(Ld) = (1− Ld)In −αβ′Ld −
k∑
j=1
Γj(1− Ld)Ld, (6.6)
in whih Γj = A
∗−1
Γ
∗
j and In is the identity matrix. Equation (6.6) denes the riteria
for frationality of order d and zero ofrationality, whih means that impulse responses
an be estimated from (6.6). As Ψ(Ld) is invertible under mild assumptions (Johansen and
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Nielsen, 2012) equation (6.5) an be rewritten in the redued form as
yt = Ψ(Ld)
−1ǫt.
By setting the unit shok s to a one-standard deviation shok, the implied impulse
responses for period t˜ an be obtained as
IIR(t˜, s,Ft−1) = Ψ(Ld)
−1V Ξ, (6.7)
where Ξ = diag{σ−1/211 , ..., σ−1/2nn } is a diagonal matrix of standard deviations of ǫt and Ft−1
is the information set available at time t− 1. Note that IIR are dierent from onventional
impulse responses reeived from a moving average representation. The main fous of this
setion is the long-term reation of volatility and news to shoks s. For this reason the IIRs
are estimated over a relatively long horizon (124 days), whih orresponds to the frequeny
analysis in Setion 6.2. Figure 6.2 shows impulse response funtions for the volatility and
news series. The upper row of Figure 6.2 show the impat of volatility shoks on the
volatility in subsequent trading zones. The rst two plots show that shoks from Australia
have a signiant long-lasting impat on volatility in Europe and the United States, whih
is onrmed by the non-zero values of IIRs after 120 lags. The right hand plot reveals
that shoks from Europe also have a long lasting impat on volatility in the United States,
with the magnitude of this impat being muh greater than that assoiated with shoks
from Australia. Plots in the middle row of Figure 6.2 report the impat of news shoks
on volatility. Overall, the impat of news on volatility is muh smaller in magnitude than
the impat of volatility shoks. Shoks to news ow from Australia have a small negative
impat on future volatility. While shoks to European news ow are positive during the rst
week and subsequently beome small and negative at longer horizons. It is onjetured that
the negative (though small) impat from news shoks is related to the fat that majority
of the news items are positive in sentiment hene dampening volatility. Impulse responses
of news to the respetive news shoks are presented in the bottom row of Figure 6.2. It is
lear that shoks to Australian news have virtually no impat on European news ow, they
have a long lasting positive impat on news ow in the United States. Shoks to European
news have a muh greater impat on news ow in the United States than shoks emanating
from Australia.
Summarizing results of the setion, news from all three zones are interrelated both in
the short and long run, whih an be interpreted as an existene of a global news ow in
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Figure 6.2: Impulse response funtions for volatility and news. The gure plots the implied
impulse response funtions (IIR) dened in (6.7) from the model (6.5). The upper panel
represents IIR for volatility, middle panel - impulse responses of volatility to news shoks,
and lower panel - impulses of news. All of the estimates are based on daily observations
for the period 4 January 2005 to 28 September 2012.
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the equity market. Volatility spillovers are signiant, whih supports the meteor shower
hypothesis of Engle, Ito and Lin (1990b). However, news has an impat on volatility only
in the long term. Suh results are obtained assuming that both positive and negative news
have a similar impat on volatility. However, Engle and Ng (1993) argue that responses
of volatility to news is asymmetri, whih an be examined using sentiment sores and
relevane of news items, whih is the subjet of the following analysis.
6.3 How does news tone aet volatility?
Aording to Grin, Hirshey and Kelly (2011), despite a large amount of international
literature, there is relatively little understanding of the dierenes in the impat of infor-
mation aross ountries
26
. One hallenge in this literature is the transformation of news
and media ontent to variables that an be inorporated into eonometri models. To in-
vestigate whether news items have a dierent impat on stok market volatility, the tone
of news should be taken into aount.
The rst task is to dene news implied prie, whih an inorporate the positive and
negative tone of news. Following Harris and Raviv (1993), it is assumed that market
partiipants share ommon prior beliefs and reeive ommon publi information in eah of
the trading zones. In this ase, eah of the news implied prie series in Australia, Europe
and the United States, should be a funtion of publi news from the same zone. To measure
a tone of news in eah minute, k the realised tone for eah zone is introdued as
RTk = RT0 +Nk
δˆk
2
, (6.8)
in whih Nk is a ounter that ounts the number of news events that have ourred up to
and inluding time k, and δˆk =
∑
j(positivej−negativej)relevanej . Equation (6.8) implies
that every time news ours the realised tone jumps by
δˆk
2 up, if the tone of news within
the minute k is positive, or down if it is negative.
In a dierent ontext Bary, Delattre, Homann and Muzy (2013) introdued the model
26
As doumented by Riordan, Storkenmaier, Wagener and Zhang (2013) negative news messages are par-
tiularly informative and indue stronger market reation. In partiular, negative messages are assoiated
with higher adverse seletion osts than positive or neutral messages. Tetlok, Saar-Tsehansky, and Ma-
skassy (2008) reported that the United States equity market rapidly inorporated most of the information
assoiated with the linguisti ontent of news artiles.
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of asset prie p(t) over time horizon [0, T ]:
p(t) = N1(t)−N2(t), (6.9)
where N1(t) and N2(t) respetively represent the sum of positive and negative jumps.
Bary, Delattre, Homann and Muzy (2013) showed that if N1(t) and N2(t) are two inde-
pendent Poisson proesses with dened intensity it is possible to show that p(t) diuses at
large sale to the produt of Brownian motion and marosopi volatility that aounts for
ativity of negative and positive jumps. The realised tone from (6.8) is based on the similar
idea to (6.9) with the dierene being that the realised tone reets positive and negative
information, while the prie from (6.9) is driven only by the intensity of buys and sells.
Using the realised tone at minute tk of the day t from equation (6.8) the news implied
prie an be represented as
NIPt =
√√√√ 1
nˆ− 1
nˆ∑
tk=1
(RTtk − RTt)2, (6.10)
where nˆ is a number of minutes in a trading day, and RTt is an average realised tone on day
t. Despite its simpliity, the model of the news implied prie aptures the essential features
of the prie proess. The news implied pries for eah of the trading zones are presented
in Figure 6.3. As an be seen from Figure 6.3, the news implied prie in the United States
quite losely mimis the orresponding index level, while suh a pattern is not pronouned
for Australia and Europe.
Equation (6.10) an now be used to dene information volatility on day t for zone i as
INV
i
t =
λit
NIP
i
t
, (6.11)
where i ∈ {AU,EU,US}, and λit is the intensity of news in the zone i. Intuitively equation
(6.11) allows news implied volatility to be explained by two fators: variane per news item
and expeted number of news per time unit. Engle and Russell (1998) used a similar idea to
model ultrahigh frequeny volatility of prie. As shown in the previous setion, news series
were strongly interrelated, whih leads one to onsider a measure of global information
volatility, whih an be alulated as
INV
g
t = INV
au
t + INV
eu
t + INV
us
t . (6.12)
With the estimates of information volatilities (see Figure 6.4), the ommonality hypoth-
esis between volatility and news onditioned on the tone of information ow an then be
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Figure 6.3: News implied and futures pries. The gure plots futures and news implied daily
pries dened in equation (6.10). The news implied pries were smoothed using moving
average lter with the span 5 for illustrative purposes. The time for futures pries is 12:00.
The upper panel represents ASX 200 pries, middle panel - DAX 30 pries, and lower panel
- S&P 500 pries.
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Figure 6.4: Global news and prie volatility. The gure plots index and information daily
volatility series dened in equation (6.11). The index volatility RV gt is dened as RV
au
t +
RV eut + RV
us
t . The estimates for the period 4 January 2005 to 28 September 2012 are
multiplied by 1000.
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tested. To do so the model in (6.5) from the previous setion is estimated with the global
information volatility series instead of orresponding variables representing a number of
news items for eah of the 3 zones. As a result, the parameter matrix A∗ and dependant
variable yt are represented as
A∗ =

1 0 0 0
−a∗21 1 0 0
−a∗31 −a∗32 1 −a∗34
0 0 0 1
, yt =

au
vola
t
eu
vola
t
us
vola
t
INV
g
t
 . (6.13)
The shaded blok aptures volatility spillovers while the oeient a∗34 represents eets
of news to the United States volatility. One again, the absene of any ommon trend in
realised volatilities will imply that the ointegrating rank of the system (6.5) is zero and
the volatility dynamis an be estimated by a simple frational SVAR without an error
orretion term. On the other hand, the hypothesis of a single underlying ommon trend
whih may be interpreted as the ommon global news ow, will be represented by a non-zero
ointegration rank given by r = n−1. In this ase the impat of volatility is independent of
the trading zone with one proess, namely global news, desribing the evolution of volatility
in all zones. The respetive estimates of the model with global information volatility are
presented in Table 6.3. First of all, the rank of the system r = 3, implies that there is
a global news ow, driving all three markets. The long run relationships represented by
ointegrating vetors onrm this nding. However, the eet of global news on volatility
in Australia aptured by CV1 is weaker than in Europe or the United States. The intraday
eets aptured in matrix A∗ show that the pattern in volatility is similar to those shown
in Table 6.2, namely signiant spillovers from Australia to Europe and from Europe to the
United States. The global news has no signiant impat on volatility in Australia within
a trading day, supported by the insigniant oeient aglnews = −0.0091.
This setion onrmed a fairly strong prima faie ase for the `ommonality in news-
volatility' hypothesis in all three zones. Overall, these results lead to an important onlu-
sion that it is not possible to regard eah trading zone as being ompletely independent of
the others. A seond interesting onlusion to emerge from this analysis is that there are
strong linkages between realised volatility and news in all of the three trading zones in the
long run. These ndings onrm the important role of a global news stream in propagating
volatility around the global market, whih was doumented by Engle and Ng (1993).
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Table 6.3: The table reports maximum likelihood estimates of the ofrational VECM
model with global news volatility with matrix A∗ dened in (6.13) implying a strutural
restrition α∗ = A∗α based on daily observations from January 4, 2005 to September
28, 2012. The ointegration rank r = 3 is estimated using Johansen proedure disussed
earlier. The number of lags is hosen aording to AIC and BIC. The estimates of Γ
∗
j
are not presented here beause of spae limitation. The frational dierene parameters
d = 0.4318 is signiant aording to QML standard errors. The robust t-statistis are
reported with (*) denotes signiane at the 5% level. To test signiane of βij the
hypotheses H0 : βij = 0 were tested for eah individual oeient applying likelihood ratio
test. CV and IV are assigned to ointegration and impat vetors respetively.
RV News volatility
Australia Europe United States Global market
A∗
′
aauvola,t 1 −0.5982∗
(2.03)
−0.0542
(0.38)
0
aeuvola,t 0 1 −0.6207∗
(3.71)
0
ausvola,t 0 0 1 0
aglnews,t 0 0 −0.0091
(0.83)
1
β
′
CV1 1 0 0 −0.2597∗
CV2 0 1 0 −0.6082∗
CV3 0 0 1 −1.6903∗
α
′
IV1 −0.3708∗
(3.21)
0.7594∗
(2.53)
0.4967
(1.45)
0.6988
(0.72)
IV2 −0.0500
(1.51)
−0.2698∗
(3.38)
−0.1835∗
(1.97)
−0.3083
(1.03)
IV3 0.0647
∗
(4.04)
−0.0172
(0.45)
−0.0106
(0.23)
−0.0460
(0.34)
6.4 Identifying the global news stream
The existene of a global news stream in the equity market raises the question of identifying
this phenomenon, whih is a main task of this setion. To do so, a model of the global
equity market is onsidered. Within this model the alendar struture of a trading day is
relaxed, and volatility and news of the global equity market are onsidered on a daily basis.
Suh a model allows for an explanation as to why aggregate volatility hanges over time, an
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issue that remains unresolved (Engle, Ghysels and Sohn, 2013; Fernandez-Villaverde and
Rubio-Ramirez, 2013).
There are two main approahes in the literature to explain the time varying nature of
volatility. Both imply that volatility is driven by a latent fator, related to maroeonomi
ativity suh as Flannery and Protopapadakis (2002), or to jump proesses approximating
news ow, as in Maheu and MCurdy (2004). In ontrast to these approahes, the global
news stream in this thesis is dened as an observed variable that an be inluded in the
ofrational model disussed earlier. In this ase the relationship between news and volatil-
ity an be interpreted, and ambiguous assumptions about linkages between jumps and news
are not required.
Consider the redued form ofrational system
∆dyt = αβ
′
Ldyt +
2∑
j=1
Γj∆
dLjdyt + ǫt, (6.14)
in whih d is a frational dierening parameter, α and β are parameter matries that
dene long term dynamis of the model, Γj are nuisane parameters, ǫt are disturbanes
of the model, and yt = [RV
g
t , INV
g
t ]
′
ontains volatility RV gt = RV
au
t +RV
eu
t +RV
us
t and
information volatility is dened in (6.12). The parameter matrix β denes long term ties
between volatility and news in the global equity market. The estimates of the model (6.14)
are presented in Table 6.4.
The oeient in CV1 is signiant at the 5% level with the orresponding impat
oeient a∗21 = −0.0517. To formally test the hypothesis of ommonality between volatil-
ity and news, H1 : β
′
= [1,−1] should be tested. Using the likelihood ratio test with
the standard χ2 asymptoti values, the p-value 0.802 strongly supports H1, whih means
that news and volatility in the global equity market are frationally ointegrated. Another
important onlusion is the existene of a one-to-one relation between information and re-
alised volatilities in the long run. This nding unequivoally proves the seminal hypothesis
of Ross (1989) regarding the equality of information volatility and prie variane for the
global equity market.
As is evident from the analysis of the previous setion, the United States news ow
might be the main driving fator of the global equity market. Suh a supposition an be
investigated in more detail replaing the global news ow with the United States news in
equation (6.14). The estimates of suh a model are presented in Table 6.5. The oeient
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Table 6.4: The table reports maximum likelihood estimates of the global ofrational VECM
model (6.14). The estimates are based on daily observations from January 4, 2005 to
September 28, 2012. The ointegration rank r = 1 is estimated using Johansen proedure
disussed earlier. The number of lags is hosen aording to AIC and BIC. The estimates of
Γj are not presented here beause of spae limitation. The frational dierene parameters
d = 0.4832 is signiant aording to QML standard errors. The robust t-statistis are
reported with (*) denotes signiane at the 5% level. To test signiane of βij the
hypotheses H0 : βij = 0 were tested for eah individual oeient applying likelihood ratio
test. CV and IV are assigned to ointegration and impat vetors respetively.
RV Information volatility
Global equity market Global equity market
β
′
CV1 1 −1.2594∗
α
′
IV1 −0.0104
(1.33)
−0.0517∗
(2.69)
Table 6.5: The table reports maximum likelihood estimates of the ofrational VECM
model (6.14) with the United States information volatility. The estimates are based on
daily observations from January 4, 2005 to September 28, 2012. The ointegration rank
r = 1 is estimated using Johansen proedure disussed earlier. The number of lags is hosen
aording to AIC and BIC. The estimates of Γj are not presented here beause of spae
limitations. The frational dierene parameter d = 0.5183 is signiant aording to QML
standard errors. The robust t-statistis are reported with (*) denotes signiane at the 5%
level. To test signiane of βij the hypotheses H0 : βij = 0 were tested for eah individual
oeient applying likelihood ratio test. CV and IV are assigned to ointegration and
impat vetors respetively.
RV Information volatility
Global equity market the United States market
β
′
CV1 1 −0.6243∗
α
′
IV1 −0.0901∗
(2.25)
0.1769∗
(2.99)
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CV1 is signiantly dierent from zero. Now the parameter d = 0.5183 is more than 0.5,
whih implies the non-standard asymptotis (see Chapter 5). The hypothesis H1 : β
′
=
[1,−1] is related to p-value 0.051, whih onrms the validity of the hypothesis at the 5%
level. This result implies that the world information volatility in the equity market may be
haraterized by the United States ow.
This hapter presented a detailed explanation of the dependenies between volatility
and news in Australia, Europe, and the United States. The news series were strongly
interrelated, whih proves the existene of the global stream. The hypothesis regarding
whether volatility in the global equity market ould be explained by the global news ow
was onrmed. The major onlusion that follows from this hapter is that volatility-news
linkages an be haraterized by the long-run equilibrium relation.
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7 High frequeny interation in trading ativity
Thus far, this thesis has assumed that the global trading day is represented by non-
overlapping zones. However, there is a brief period during whih the United States and
European markets are both open, and hene, a natural progression is to explore how they
interat during this period. Chapter 3 argued that the overlap period was assoiated with a
signiant inrease in trading ativity during the rst two hours of the Chiago pit period,
and it was therefore reasonable to assume that the inreased trading ativity was related
to United States news. Consequently, this period was simply subsumed into the United
States trading zone. It is this assumption that is now explored in more detail.
As reported in Setion 2.5, when both S&P 500 and FTSE 100 futures ontrats are
traded, 14:30 to 16:25 (GMT), news releases play an espeially important role. During these
trading hours more news is released, whih has an impat on the harater of interations
between the zones. This period therefore provides a rih environment in whih the nature
of the interation between the zones an be investigated.
The data set used so far ontains daily series of volatilities for eah of the three zones and
markets. This resolution of data is obviously unaeptable for investigating an interation
between the zones during the two hours of overlap. A natural solution to this problem is to
onsider high frequeny transations data that provide a riher information set than daily
data. A detailed disussion of the data set used in this hapter is given in Chapter 3.
The standard methods onsidered in the previous hapters are mainly aimed at aptur-
ing an interation between the global nanial markets in disrete regularly spaed data.
For this reason, these methods are not suitable for dealing with transation data. As
stated in Chapter 2 an availability of ultra-high frequeny data motivated the development
of models utilising this data. Indeed, the time between market events is a valuable eonomi
variable serving as a measure of trading ativity, whih an be modeled by the probability
of an event within a small period of time. In this ase, the point proesses framework dis-
ussed in Chapter 2, is a partiularly suitable powerful tool for haraterizing the random
ourrene of transations along the time axis in dependene of the proess history.
The main task of this hapter is an analysis of the interation between trades and news
in the United Kingdom and the United States equity markets using the point proesses
framework. A umulant based analysis of interation between trades and news in the
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United States and Europe is presented in Setion 7.1. An intensity model that aptures
self-exiting and ross-exiting eets in news and trades is proposed in Setion 7.2.
7.1 A umulant based analysis of the interation between zones
Let N(t) = (Ni(t))
n
i=1 be an n-variate ounting proess on a probability spae (Ω,F,P),
in whih the internal history {Ft}t>0 ⊆ F orresponds to omplete observation of N(t)
up to time t. The n-variate ounting proess assoiated with an n-variate point proess
{tj ,Mj}j=1,2,..., in whih tj and Mj indiate the ourrene time (e.g. transation or news
times) and the type of event j respetively. Suppose that the proess N(t) is
(a) orderly, whih means P[Ni,t+h −Ni,t > 1|Ft] = o(s) for small s,
(b) weakly stationary, i.e. statistial properties of the proess do not hange with
time,
() mixing - the distribution of the dierential inrements {dNi(t), dNj(t))} in the
intervals (t, t+ dt] and (t+ τ, t+ τ + dt] is independent of τ and i 6= j.
Assumptions (a), (b), () allow interpretation of the rate of Ni(t) in terms of expeted
values or probabilities (Brillinger, 1975).
The rate of the proess Ni an be dened as
Pi =
E[dNi(t)]
dt
, (7.1)
whih under Assumption (a) an be interpreted as the probability of Ni event in (t, t+ dt].
The seond order produt density Pij(u) at lag u of events of type i with events of type j
is dened by
Pij(u) =
E[dNi(t+ u)dNj(t)]
dt du
, (7.2)
whih is interpreted as a joint probability of events i and j in the intervals (t+u, t+u+du]
and (t, t + dt]. If events i and j satisfy the mixing ondition (), the inrements beome
independent as u→∞ whih means
lim
|u|→∞
Pij(u) = PiPj . (7.3)
Equation (7.3) an be used to dene the seond order umulant funtion, qij(u), as
qij(u) = Pij(u)− PiPj , (7.4)
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in whih Pij(u) is dened in (7.2) and Pi, Pj are haraterized by (7.1). The seond order
umulant funtion an be interpreted as a ovariane
qij(u)du dt = ov[dNi(t+ u), dNj(t)], i 6= j.
Aording to (7.3) the funtion qij(u) will tend to zero when |u| → ∞. In the ase of
auto-ovariane a Dira delta funtion needs to be taken into aount at u = 0 whih gives
(δ(u) + qij(u))du dt = ov[dNi(t+ u), dNj(t)], i = j.
This methodology an be applied to testing the independene of the event series. Two point
proesses are independent if qij(u) = 0, whih is true for Poisson proesses.
To estimate the seond order produt densities the ross orrelation histogram needs
to be onstruted. Dene the set of times of events i as {tk; k = 1, ..., Ni(T )} and j
as {sr; r = 1, ..., Nj(T )} in whih T is the sample duration of the entire point proess.
Aording to Cox (1965) a ounting variate ΥTij(u) an be obtained using
ΥTij(u) = #
{
(sr, tk) :
(
u− η
2
)
<
(
tk − sr
)
<
(
u+
η
2
)}
,
in whih #{A} indiates the number of events in set A and η is the width of the bin. The
expetation of the variate (Cox, 1965) is
E[ΥTij(u)] ≈ ηTPij(u). (7.5)
Using equation (7.5) the seond order produt density an be estimated as
Pˆij(u) = Υ
T
ij(u)/ηT, (7.6)
whih together with equation (7.4) gives an estimate of the umulant density
qˆij(u) = Υ
T
ij(u)/ηT − PˆiPˆj . (7.7)
Brillinger (1976) proposed a square root transformation√
Pˆij(u) ≈ N
(√
Pij(u), (4ηT )
−1
)
, (7.8)
in whih the parameter estimates have a onstant variane, whih an be used for setting
ondene intervals to test the hypothesis of independent proesses Ni and Nj . In this
ase, the 95% ondene limits for
√
Pˆij(u) are√
PˆiPˆj ± 1.96(4ηT )−1/2 , (7.9)
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and for qˆij(u) are
0± 1.96(PˆiPˆj/ηT )1/2. (7.10)
If the estimated values lie inside the upper and lower ondene intervals, it an be on-
sidered evidene of the independene of the ounting proesses Ni and Nj . This idea will
be used to test linkages between transations and news items. The multivariate ase an
be dealt with using the same proedure with respetive multivariate statistis (umulants
and produt densities) but is not disussed here.
The proposed proedure an now be applied to investigate interations between news
and trades in Europe and the United States. In partiular, equations (7.6) - (7.10) an
be used to obtain the umulants (produt densities) and respetive ondene intervals.
The plots of umulants (square roots of produt densities) at lag u an then be plotted
to identify the lag at whih memory exists. The data set used in this hapter, whih is
represented by trades and news in the United States and Europe, is disussed in detail in
Setion 3.4.
The autoorrelations for news and trades in two markets represented by the estimates
of the square root of produt densities alulated from equation (7.6) are reported in Fig-
ure 7.1. It is lear that trades in the United States are strongly related with itself for
approximately 30 minutes, while there is weak orrelation between the 30th and 50th lags.
The orrelation in FTSE trades is less persistent, implying an absene of memory after 10
minutes. The produt density estimates of news series have a similar pattern, longer or-
relations in the United States news (80 seonds) and a shorter memory in European news
haraterized by approximately 10 seonds. Moreover, the news produt density estimates
show seasonality related to the signiant spikes in orrelations every 5 minutes.
Cross-orrelation results for news and trades, shown in Figure 7.2, are represented by
the estimates of the produt densities from equation (7.6). As follows from plot (a), there
is a signiant lead-lag relationship at small lags between news and trades in the United
States. In partiular, this weak relationship is haraterised by a spike in ativity from
the rst to the 200th seond. The nding that the speed of inorporating news into pries
is less than ve minutes in the United States market orresponds to results of Paiardini
(2014) for the bond market, who found that suh speed was less than 20 minutes. Results
for the FTSE market, plot (b), reveal a dierent pattern for the impat of news on trades.
During the rst 960 seonds there is no impat from news to trades. However, between the
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961th and the 1600th lags signiant orrelations are pronouned.
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Figure 7.1: An autoorrelation analysis of trades and news. Estimates of the square root
of the produt density from equation (7.6) have a bin width η = 1.0 and T = 7000000 for
trades and T = 7000 for news. The dashed horizontal lines are the estimated asymptoti
values with the upper and lower 95% ondene limits under the hypothesis of indepen-
dene. Lags for news are measured in seonds and for trades - in minutes.
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Figure 7.2: A ross-orrelation analysis of trades and news. Estimates of the square root
of the produt density from equation (7.6) have a bin width η = 1.0 and T = 7000000 for
news-trades statistis and T = 7000 for news. The dashed horizontal lines are the estimated
asymptoti values with the upper and lower 95% ondene limits under the hypothesis of
independene. Lags are measured in seonds.
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Figure 7.3: A ross-orrelation analysis of the S&P and FTSE trades. Estimates of the
square root of the produt density from equation (7.6) have a bin width η = 1.0 and
T = 7000000. The horizontal lines are the estimated asymptoti values with the upper and
lower 95% ondene limits under the hypothesis of independene. Lags are measured in
seonds.
Suh a pattern might be related to the signiant interation between news in the
United States and Europe. To investigate this interation further, the relevant produt
density estimates are presented in plot (). In this plot negative lags show how FTSE news
lead S&P news, while positive lags reveal an inverse lead-lag relationship. It is notable
that FTSE news lead S&P news during the rst ten seonds, while eets from S&P news
to FTSE news are pronouned only within ve seonds. Overall, the eets from news to
trades are relatively weak.
134
An interation between FTSE and S&P trades is illustrated in Figure 7.3. The negative
lags represent an impat of FTSE trades on S&P trades, while positive lags show how S&P
trades lead FTSE trades. During the rst 5 minutes (300 lags) there is a signiant two-way
interation between trades in these markets. However, after 5 minutes an impat of the
FTSE trades on S&P trades is not signiant, while the United States lead European trades.
Alsayed and MGroarty (2014) also investigated leadlag patterns between S&P 500 and
FTSE 100 E-mini ontrats using the Hayashi and Yoshida (2005) orrelation estimator.
Considering quotes between 08:30 and 20:30 GMT their researh reported that the United
States ontrats leads FTSE 100 by up to 30 seonds. Moreover, Alsayed and MGroarty
(2014) reported that the lead-lag relation depended signiantly on intraday patterns. The
ndings of this setion also support the results of Huth and Abergel (2014) that the most
liquid assets in terms of high trading turnover tend to lead the others. Overall the ndings
of this setion reveal that the United States trades lead trading in Europe, while an impat
of news on trades is relatively weak in both zones.
7.2 An intensity based analysis of the interations between zones
The results of the previous setion onrm that during the overlapping trading hours there
is an asymmetri lead-lag relationship between trades in the United States and European
trading zones, while news has a weak impat on trades in both zones. The main task is now
to quantify these relationships. To do so, this setion introdues a multivariate onditional
intensity model that deals with market event data representing the ourrene time and
type of eah event (e.g. trades or news). As in the previous setion the n-variate point
proess N(t) = (Ni(t))
n
i=1 is assoiated with the ourrene times ti of the event i. Note
that the volumes and pries assoiated with eah trade are not taken into aount. This
an be done within the framework of marked point proesses, whih is not disussed in this
thesis and an be addressed in a future work.
Consider a model of interation between two stok markets, the United States and
Europe. Let the dynamis of eah market be dened by a two dimensional ounting proess
Ni(t) =
 Tradei(t)
Newsi(t)
 , (7.11)
representing the umulative number of trades and news before time t for i = {US,EU}.
Every time an event ours the ounting proess jumps by 1, whih has an impat on
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intensity. The ounting proess Ni(t) is fully haraterized by the vetor of onditional
intensities λi(t). The 4-dimensional ounting proess is then dened by
N(t) =
 Nus(t)
Neu(t)
 =

Tradeus(t)
Newsus(t)
Tradeeu(t)
Newseu(t)
 , (7.12)
whih is assoiated with the vetor of onditional intensities
λ(t) =
 λus(t)
λeu(t)
 =

λTradeus (t)
λNewsus (t)
λTradeeu (t)
λNewseu (t)
 . (7.13)
The model is dened by the ounter N(t), whih is treated as a Hawkes proess, allowing
self- and ross-exitation to be taken into aount, implying the intensity depends on the
path of the point proess. This luster model an be rewritten as
λ(t) = µ(t) +G ◦ dN(t), (7.14)
in whih G(t) is a 4× 4 matrix whose elements apture all-way interations between trades
and news in the United States and Europe, µ(t) is the vetor of exogenous intensities, and
◦ is a Fourier onvolution. Following Bowsher (2007), an alternative speiation of (7.14)
an inlude an additional term diag(G(t − t˜))λ(t˜), whih an be interpreted as a spillover
eet of the intensity i between trading days where t˜ is assigned to the end of the previous
trading day.
The matrix G an be deomposed into the four 2× 2 sub-matries as follows
G(t) =
 Gsus(t) Gceu(t)
Gcus(t) G
s
eu(t)
 , (7.15)
in whih Gseu(t) aptures self-exiting eets of trades and news to Europe, G
s
us(t) aounts
for the impat of events from the United States on itself, Gceu(t) and G
c
us(t) represents
ross-exiting eets for Europe and the United States, respetively.
An interesting extension of (7.14) is a non-linear model, whih an be motivated by
the limitations of the linear model. To ensure non-negative intensity the non-negative
onstraints on the omponents of the matrix G are imposed. In this ase, the model does
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not allow negative jumps, whih is desirable. Moreover, estimating the linear model by
maximizing the likelihood funtion an lead to a negative intensity. For this reason, the
nonlinear model that overomes these drawbaks is dened as
λ(t) = f{µ(t) +G ◦ F (Z(t))dN(t)}, (7.16)
in whih the funtion f : R→ R+ is dened element by element. The natural hoie of the
funtion f(·) is the normal CDF or exponential funtion.
The proposed intensity model is then applied to analyse the interation between the
European and Amerian stok markets. A distinguishing feature of the model is the ability
to apture bi-diretional interations between news and trades related to the S&P 500 and
FTSE 100. As a result, mirostruture harateristis of the markets an be explained from
the maroeonomi point of view.
Consider the model dened by equations (7.11) - (7.15), whih an be rewritten without
the deterministi term
27
as
λi(t) =
4∑
j=1
 t
−∞
gij(t− u)dNj(u), i = 1, ..., 4. (7.17)
The kernels gij(·) represent response funtions of the event of type j on the event i at time
t with ourrene time u. When t = u the intensity jumps up and when t > u deaying
until the next event, whih is a typial feature of the Hawkes (1971b) proess. Thus, the
intensity exhibits self-exitation for i = j, and ross-exitation for i 6= j.
The kernels gij(·) of the model (7.17) are dened as
gij = α˜ijexp(−β˜ijt),
in whih α˜ and β˜ are parameters. This kernel is widely used in the nanial eonometris
literature
28
(Hautsh, 2011). In this ase, the proess [λ(t), N(t)] remains Markovian, whih
allows to reeive moments analytially.
27
The deterministi term is important for non-stationary models, where it an apture the diurnal pat-
terns (Engle and Russell (1998) and Bowsher and Meeks (2008)). However, as the model disussed here
deals with stationary data, suh a term an be ignored.
28
Alternatively, the kernel an be speied by Laguerre polynomials. This kernel is more exible than an
exponential kernel, but less parsimonious. For detailed disussion see Ogata, Akaike and Katsura (1982)
and Ogata (1988).
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For the given kernel gij(·) the model (7.17) an be estimated using the method of
maximum likelihood (Karr 1991, p.175), with the log-likelihood funtion
l(θ) =
n∑
j=1
Tk∑
k=1
[
Ik
(1− λi(u, θi))du+

Ik
log(λi(u, θi))dNi(u)
]
,
where θ = (θ1, ..., θn) and θi is the parameter vetor of the intensity i, Tk is the number of
the days, and Ik is the number of milliseonds in day k.
Table 7.1: Coeient estimates of the Hawkes model (7.17). Parameter estimates (top)
and robust t-statistis (bottom) are reported in eah ell. Coeients that are signiant
at the 5% level are marked (*).
λTrade
us
(t) λNews
us
(t) λTrade
eu
(t) λNews
eu
(t)
α˜Trade
us
0.0590∗
(6.43)
− 0.0070∗
(4.12)
−
α˜News
us
0.0001
(1.24)
0.0009
(0.63)
0.0001
(0.92)
0.0001
(0.38)
α˜Trade
eu
0.0061∗
(3.78)
− 0.0053∗
(2.29)
−
α˜News
eu
0.0001
(0.71)
0.0001
(1.21)
0.0001
(1.09)
0.0025
(1.47)
β˜Trade
us
1.2533∗
(5.22)
− 0.0209∗
(2.51)
−
β˜News
us
0.0856
(1.07)
0.0168
(0.39)
0.0055
(0.81)
0.0194
(0.98)
β˜Trade
eu
0.0182∗
(2.19)
− 0.0197∗
(2.01)
−
β˜News
eu
0.0442
(0.58)
0.0227
(1.01)
0.2359
(1.36)
0.0187
(1.54)
The results of tting the model (7.17) to the data are presented in Table 7.1. The
lower indies of the parameters are assigned to Europe (EU) or the United States (US),
while the upper indies are assigned to the type of events. The headers of the olumns
orrespond to the intensities for the respetive proesses. For example, the oeient
α˜Trade
us
in the olumn with the headers λTrade
us
(t) of Table 7.1 aptures the eet of past
history of the United States trades to the intensity of trades in the United States. The
rst lear pattern is represented by signiant self-exiting eets in trades in both zones,
whih is a well known phenomenon (Engle and Russell, 1998). This pattern is supported
by the oeients α˜Trade
us
and β˜Trade
us
in the rst olumn and α˜Trade
eu
and β˜Trade
eu
in the third
olumn. Cross-exiting eets between the zones are also signiant both for the United
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States and European trades. It is important to note that the value of α˜Trade
us
= 0.0070 is
higher than α˜Trade
eu
= 0.0061, whih means that trades in the United States trades have
a stronger impat on those in Europe rather than vie versa. Moreover, the oeient
α˜Trade
eu
= 0.0053 is smaller than α˜Trade
us
= 0.0070, whih shows that the trades in the
United States impat intensity λTrade
eu
(t) more strongly than trades from Europe. This
nding onrms the results of the umulant analysis presented earlier (see Figure 7.3). The
eets from news to trades are not signiant in either zone. The nding that both ross-
exiting and self-exiting eets matter extends the ndings of the previous hapters that
the patterns of interations between zones are omplex and defy simple ategorization for
the ase of the overlapping trading zones.
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Figure 7.4: Impulse responses (multiplied by 1000) for trades intensity in the model dened
in equation (7.17).
Although the results of Table 7.1 reveal how a shok in one zone inuenes the future
intensity in another zone, they do not paint a omplete piture. In order to alulate
the impat of the intensity of an event on milliseond t on intensity on milliseond t + k
the impulse response funtions should be onsidered. In the intensity model (7.17) these
impulse responses are represented by the estimated memory kernels gˆij(·). Figure 7.4 shows
impulse responses shown by per-milliseond trade intensity given the per-milliseond shok
in one partiular zone. The impulse response urves exhibit a short run dynami eet, and
then die out after approximately two hundred milliseonds. In general, the United States
139
shoks have the largest impat on the onditional intensity in both markets.
Another important onsequene from the results presented in Figure 7.4 is that knowl-
edge of impulse responses an be used to build arbitrage strategies based on the temporal
disequilibria. As reported by Johnson, Zhao, Hunsader, Meng, Ravindar, Carran and
Tivnan (2012) one-way transmission of data between New York and London takes 32.4 mil-
liseonds. By extrapolating this number to the distane between the Chiago Merantile
Exhange and London Stok Exhange it an be onluded that arbitrage free trading in
the FTSE and S&P 500 futures ontrats is satised if the impulse responses in Figure 7.4
die out after 30-40 milliseonds. Assume buying ativity is observed in the United States.
A potential strategy for an investor in the United States would be buying futures ontrats
in Europe and selling before the moment when the impat of the United States shok on
Europe beomes negligible. As follows from Figure 7.4, plot (a), this impat is negligible
after 100 milliseonds, whih implies that a United States investor may reeive a marginal
prot from arbitrage within the hundred milliseond window. A similar strategy is also
available to a European investor with the dierene that the arbitrage window is longer
(approximately 200 milliseonds). This nding is supported by Werner and Kleidon (1996)
who suggested that the USUK market is among the most heavily arbitraged.
Overall, this hapter onludes that when both the United States and the United King-
dom equity markets are open the United States zone leads the European trading zone,
while an impat of news on trades is relatively weak. In this ase, investors pay less atten-
tion to publi announements rather than events from other markets. These ndings also
onrm the validity of the assumption made in Chapter 4 that the two hour period an be
onsidered part of the United States zone, as the United States market dominates.
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8 Conlusion and diretions for future researh
The risk assoiated with an investment is often viewed in terms of the volatility in the value
of the investment. Hene understanding how volatility evolves over time is an important
issue in nane. Previous researh has foused on either the volatility within a spei
market or geographial zones, or how volatility is transmitted aross markets or zones. This
thesis has foused on the latter and has investigated the patterns of volatility transmission
aross zones in global nanial markets. Explanations of these patterns must lie either in
the arrival proess of news or in the market dynamis in response to news. In investigating
these patterns, a number of researh questions have been raised. This hapter will present
a summary of the ndings in relation to eah of these researh questions, along with a
number of suggestions for future researh.
Is there transmission of volatility aross trading zones and aross dierent asset
markets on the same global trading day?
Chapter 4 investigated short run volatility transmission in global nanial markets. In
so doing, the seminal analysis of Engle, Ito and Lin (1990b) was extended in a number of
dierent diretions using a high frequeny data set drawn from ontinuously-traded futures
ontrats from the foreign exhange, equity and bond markets. Returns to the futures
ontrats from dierent trading zones formed a hypothetial global trading day in whih
developments in Japan ould inuene Europe and the United States on the same alendar
day. Similarly, events in Europe ould inuene the United States. The inuene of the
United States on Japan ours at the beginning of the next trading day. The potential
volatility and news spillovers in the transmission of volatility aross trading zones are
referred to as intra-day eets.
Given the evidene presented in Chapter 4, it is lear that the meteor shower eet in
the transmission of volatility between zones on the same trading day is signiant. This
eet is at least as important as the heat wave eet, aptured by traditional volatility
models using daily returns data. Moreover, the results of previous researh in the bond
market, whih suggest that the intra-day eet of volatility from preeding zones on the
same trading day is not important, are learly refuted when realised volatility from previous
zones is used as an explanatory fator. Therefore, there an be no doubt that signiant
volatility linkages exist between nanial markets.
141
The role of realised volatility measures was also examined. Inorporating these measures
into a GARCH framework is a promising avenue of researh and has yielded some interesting
insights. Volatility transmission appears to be asymmetri, partiularly in the equity market
where volatility related to negative news appears to be transmitted more quikly than
volatility linked to good news. Furthermore, the deomposition of realised volatility into
its ontinuous and jump omponents yields the unexpeted result that jumps in volatility
are not as readily transmitted as might be expeted a priori.
Is there a long run equilibrium relationship between volatilities of dierent asset
markets aross dierent regions?
Chapter 5 onsidered long term patterns in realised volatility between the global foreign
exhange, equity, and bond markets. Realised volatility estimates were onstruted using
high frequeny data for eah asset market and trading zone and the global trading day was
divided into distint trading zones. This marks a signiant departure in the literature
on volatility transmission, beause the use of observed estimates of volatility allows for
traditional time-series tehniques, suh as VARs, strutural VARs and VECMs, to be used
to test hypotheses relating to volatility linkages.
The idea that the volatility linkages between global nanial markets an be represented
by ointegrating relations allows for long term trends in volatility to be aptured. Strutural
ofrational VECMs are partiulary suitable for modelling variables with long memory, suh
as volatility. Another advantage of the proposed models is the ability to apture both intra
day (short term) and long run dynamis in volatility.
The major onlusion to emerge from this work is that a series of signiant and om-
plex relationships link the dierent asset markets and trading zones. The ommonality in
volatility hypothesis is aepted for eah of the three markets. Moreover, there are both
signiant intra day eets from markets in the zone immediately preeding any given zone,
but also signiant eets from volatility in the long run. Suh interation is not onned
to partiular markets. There exists a long run equilibrium relationship driving volatility in
the global market.
If pushed, a tentative onlusion may be formed that the inuene of Japan on Europe
and the United States, apart from the foreign exhange market, is muted by omparison
to all of the other eets that are identied. This suggests that news from the opening in
European markets is propagated through the United States and then very strongly into the
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Japanese markets at the opening of the new global trading day. This onlusion reveals the
omplex ties between volatility and news.
If there is suh a long run equilibrium or ommon trend in volatility, an it be
linked to publi information or the news?
Chapter 6 provided a detailed explanation of the elusive dependenies between volatility
and news in Australia, Europe, and the United States. An innovative data set omprising
volatility estimates and news streams was used to examine a relationship between these
variables aross all three regions. The main hypothesis of this hapter is whether volatility
in the global equity market an be explained by the global news ow.
Both volatility and news were frationally ointegrated, whih naturally motivated the
ofrational VECM. The alendar struture of the trading day required the representation
of the ofrational model in a strutural form. The news series were strongly interrelated,
proving the existene of the global stream. Volatility in all three zones was related to the
global news stream, whih ould be approximated by news from the United States. Using a
frequeny domain representation that allowed a fous on spei omponents of the spetra,
a positive volatility-news relation was unovered only in low frequenies. Suh a one-to-
one relation between volatility and news in the long run empirially supports the Mixture
Distribution Hypothesis for the global equity market. Intra day volatility spillovers were
signiant from Australia to Europe and from Europe to the United States. As follows
from the variane deomposition analysis, all three zones were strongly interrelated in the
long-run.
The major onlusion that emerges from this hapter, is that in the ontext of the global
equity market, volatility-news linkages an be haraterized by the long-run equilibrium
relation. Not only does this onlusion appear to be a robust one, but it is also onsistent
with previous work, both theoretial and empirial.
Is it possible to haraterise the interation between dierent zones using very
high frequeny data?
Chapter 7 proposed a novel approah for haraterizing the interation between the
United States and the United Kingdom equity markets. Treating news arrivals and trans-
ation as point proess means that seond order statistis (produt densities and umulants)
an be used to identify lead-lag relationships. An intensity model was also developed to
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apture the self-exiting and ross-exiting eets in news and trades in both markets.
The empirial results of this hapter reveal that when the United States and the United
Kingdom markets are open, news has a relatively weak impat on trades in both markets.
News ows in the zones were interrelated in the short run, while trades from the United
States had a signiant impat on trading in the United Kingdom. The major onlusion to
emerge is that when both markets are open investors prefer to plan their strategy aording
to trading events from another market, rather than rely on publi announements.
Diretions for future researh
A number of interesting areas for future researh have been identied. The main as-
sumption of the Johansen (1988) likelihood ratio test for ointegration used in Chapters 5
and 6 is that disturbanes in VECMs are i.i.d. Gaussian. However, volatility series exhibit
onditional heterosedastiity whih violates this assumption. Lee and Tse (1996) exam-
ined the performane of the Johansen test in the presene of the GARCH eets in I(1)
variables by simulation and reported that the test did not overrejet the null hypothesis of
no ointegration in favor of nding ointegration too frequently. To examine this issue in
the ontext of frationally integrated series I(d), asymptotially pivotal inferene needs to
be based on a onsistent estimator of the ovariane matrix, whih an improve the size of
the test. This may be ahieved by the appliation of the bootstrap method. In this ase
the likelihood ratio statisti an be obtained from the umulative density funtion of its
bootstrap null distribution following Beran (1988).
While investigating volatility transmissions in the short run an be done within the
framework presented in Chapters 5 and 6 by simply testing hypotheses on the respetive
oeients, examining the dierenes in volatility transmission between asset markets and
between regions in the long run is not permitted. To be able to test hypotheses of long term
volatility transmissions a frational VECM, dened in equation (5.6), has to permit a vetor
of frational dierening parameters be dened as d = [d1, ..., dn]
′
, di 6= dj for i 6= j. In
this ase, an n-dimensional time series yt is frationally ointegrated if there exists α 6= 0
suh that α
′
yt = ǫt is I(du) with du < min(d1, ..., dn). This denition implies that if
long memory exists in yt then it requires long memory in at least one of its omponents.
Moreover, Proposition 3 from Chambers (1998) suggests that the value of the long memory
parameter for the variable yt should be equal to the maximum value of the long memory
parameters of the underlying omponents of yt, whih an be tested empirially. In the
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ontext of model (5.6) a simple linear hypothesis di = dmax shows if region i has the largest
ontribution to the global volatility.
The point proesses framework, developed in Chapter 7, an be also extended. In par-
tiular, the strong parametri assumption regarding the shape of the memory kernel G(·)
an be relaxed. The standard approah in the literature is to speify the kernel under an
exponential or power-law funtion. However, Deo, Hurvih, Soulier and Wang (2009) found
that long memory propagates from durations to ounts, whih should be taken into aount
in intensity models. This nding implies that exponential kernels deay too fast and do not
apture long memory, whih motivates a non-parametri intensity model. The parametri
intensity model from Chapter 7 an be represented as a ontinuous analogue of the Yule-
Walker system that relates unknown kernels G(·) with the umulant matries. The kernel
matrix G(·) an be estimated from this system using a simple numerial proedure. Inter-
esting by-produts of this non-parametri approah are estimates of the volatility matrix
from the high frequeny data, and impulse responses free of strong parametri assumptions.
Information suh as pries or volumes on individual transations and news sentiment
has not been used in the framework presented in Chapter 7. These harateristis might
be inorporated into the umulant based analysis by reonsidering the speiation of the
produt densities. The produt densities, onditional on pries, an be estimated using
lassial kernel-based estimation tehniques in the spirit of Ghysels, Gourieroux and Jasiak
(1998). The distribution of the square root of these estimates is not normal as pries
are not independent of the orresponding trade times. For this reason a more detailed
investigation of lead-lag relationships between marked point proesses is required. Pries
and sentiment an be inorporated easily into the proposed intensity model, whih is an
interesting empirial exerise that follows immediately from the work of this thesis.
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9 Appendies
9.1 Appendix 1
Table 9.1: Coeient estimates of the equation (4.2) with robust t-statistis for the foreign
exhange, equity and bond markets for eah of the three trading zones. Coeients that
are signiant at the 5% level are marked (*).
Japan Europe United States
FX Market
ǫ2
jp,t - 0.0441
∗
(2.50)
0.0620∗
(3.63)
ǫ2
eu,t - - 0.0019
(0.30)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.0235
∗
(2.55)
- -
ǫ2
eu,t−1 0.0018
(0.62)
0.0228∗
(2.75)
-
ǫ2
us,t−1 0.0119
∗
(2.77)
0.0179∗
(2.19)
0.0257∗
(2.85)
hit−1 0.9431
∗
(59.4)
0.9294∗
(57.6)
0.9404∗
(63.2)
Japan Europe United States
Equity Market
ǫ2
jp,t - 0.0043
(0.72)
0.0159∗
(2.00)
ǫ2
eu,t - - 0.0474
∗
(3.07)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.0916
∗
(4.14)
- -
ǫ2
eu,t−1 −0.0100∗
(2.13)
0.0584∗
(4.50)
-
ǫ2
us,t−1 0.0592
∗
(3.12)
0.0246∗
(2.71)
0.1221∗
(5.32)
hit−1 0.8160
∗
(30.5)
0.9003∗
(55.7)
0.8049∗
(32.0)
Japan Europe United States
Bond Market
ǫ2
jp,t - −0.0009
(0.14)
0.0296∗
(3.01)
ǫ2
eu,t - - 0.0012
(0.70)
ǫ2
us,t - - -
ǫ2
jp,t−1 0.0405
∗
(3.46)
- -
ǫ2
eu,t−1 −0.0003
(0.34)
0.0132∗
(2.00)
-
ǫ2
us,t−1 0.0007
(0.45)
0.0030
(1.34)
0.0364∗
(4.12)
hit−1 0.9538
∗
(64.9)
0.9826∗
(116)
0.9508∗
(93.6)
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Table 9.2: Coeient estimates of the equation (4.3) with robust t-statistis and with the
restrition B = 0 imposed for the foreign exhange, equity and bond markets in eah of the
trading zones. Coeients that are signiant at the 5% level are marked (*)
Japan Europe United States
FX Market
h
jp,t - 0.5410
∗
(88.0)
-
h
eu,t - - 0.1897
∗
(54.0)
h
us,t−1 0.1323
∗
(140)
- -
ǫ2
jp,t−1 0.0723
∗
(39.0)
- -
ǫ2
eu,t−1 - 0.0264
∗
(8.44)
-
ǫ2
us,t−1 - - 0.0535
∗
(16.0)
hit−1 0.6054
∗
(183)
0.7365∗
(234)
0.7579∗
(410)
Japan Europe United States
Equity Market
h
jp,t - 0.0193
∗
(2.58)
-
h
eu,t - - 0.0042
∗
(1.97)
h
us,t−1 0.1143
∗
(4.99)
- -
ǫ2
jp,t−1 0.1410
∗
(5.10)
- -
ǫ2
eu,t−1 - 0.0730
∗
(4.44)
-
ǫ2
us,t−1 - - 0.1275
∗
(6.38)
hit−1 0.6947
∗
(22.5)
0.9012∗
(43.2)
0.8455∗
(46.7)
Japan Europe United States
Bond Market
h
jp,t - 0.0038
∗
(1.97)
-
h
eu,t - - 0.0000
(0.00)
h
us,t−1 0.0000
(0.00)
- -
ǫ2
jp,t−1 0.0436
∗
(3.71)
- -
ǫ2
eu,t−1 - 0.0169
∗
(3.26)
-
ǫ2
us,t−1 - - 0.0446
∗
(5.02)
hit−1 0.9527
∗
(89.4)
0.9811∗
(169)
0.9511∗
(121)
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Table 9.3: Coeient estimates of equation (4.3) with robust t-statistis for the foreign
exhange, equity and bond markets in eah of the trading zones. Coeients that are
signiant at the 5% level are marked (*)
Japan Europe United States
FX Market
h
jp,t - 0.1352
(4.39)
-
h
eu,t - - 0.1131
∗
(13.2)
h
us,t−1 0.1163
∗
(4.48)
- -
ǫ2
jp,t - 0.0452
∗
(2.25)
-
ǫ2
eu,t - - 0.0000
(0.0)
ǫ2
us,t 0.0000
(0.0)
- -
ǫ2
jp,t−1 0.0683
∗
(2.52)
- -
ǫ2
eu,t−1 - 0.0176
∗
(2.56)
-
ǫ2
us,t−1 - - 0.0587
∗
(1.97)
hit−1 0.6478
∗
(12.5)
0.8983∗
(154)
0.8299∗
(31.0)
Japan Europe United States
Equity Market
h
jp,t - 0.0006
(0.22)
-
h
eu,t - - 0.0001
(0.33)
h
us,t−1 0.0365
∗
(3.91)
- -
ǫ2
jp,t - 0.0128
∗
(1.99)
-
ǫ2
eu,t - - 0.0407
∗
(2.44)
ǫ2
us,t 0.0616
∗
(3.46)
- -
ǫ2
jp,t−1 0.1001
∗
(6.16)
- -
ǫ2
eu,t−1 - 0.0718
∗
(4.69)
-
ǫ2
us,t−1 - - 0.1215
∗
(4.90)
hit−1 0.7930
∗
(11.65)
0.9048∗
(48.3)
0.8248∗
(38.4)
Japan Europe United States
Bond Market
h
jp,t - 0.0000
(0.0)
-
h
eu,t - - 0.0000
(0.0)
h
us,t−1 0.0000
(0.0)
- -
ǫ2
jp,t - 0.0046
∗
(2.05)
-
ǫ2
eu,t - - 0.0000
(0.3)
ǫ2
us,t 0.0038
∗
(1.99)
- -
ǫ2
jp,t−1 0.0458
∗
(2.09)
- -
ǫ2
eu,t−1 - 0.0158
∗
(3.27)
-
ǫ2
us,t−1 - - 0.0443
∗
(3.94)
hit−1 0.9483
∗
(33.9)
0.9825∗
(174)
0.9515∗
(80.0)
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Table 9.4: Coeient estimates for equation (4.4) with robust t-statistis for the foreign
exhange, equity and bond markets in eah of the trading zones. Coeients that are
signiant at the 5% level are marked (*)
Japan Europe United States
FX Market
RV
jp,t - 0.0082
∗
(5.89)
-
RV
eu,t - - 0.0157
∗
(7.25)
RV
us,t−1 0.0038
∗
(6.35)
- -
ǫ2
jp,t−1 0.0303
∗
(3.07)
- -
ǫ2
eu,t−1 - 0.0156
∗
(3.69)
-
ǫ2
us,t−1 - - 0.0148
(1.55)
hit−1 0.8938
∗
(89.0)
0.9492∗
(190)
0.8976∗
(109)
Japan Europe United States
Equity Market
RV
jp,t - 0.0020
∗
(2.18)
-
RV
eu,t - - 0.0035
∗
(1.98)
RV
us,t−1 0.0184
∗
(5.30)
- -
ǫ2
jp,t−1 0.1010
∗
(4.90)
- -
ǫ2
eu,t−1 - 0.0735
∗
(8.39)
-
ǫ2
us,t−1 - - 0.1109
∗
(8.96)
hit−1 0.6518
∗
(28.7)
0.9027∗
(98.1)
0.8502∗
(59.6)
Japan Europe United States
Bond Market
RV
jp,t - 0.0010
∗
(2.14)
-
RV
eu,t - - 0.0001
(0.40)
RV
us,t−1 0.0002
(0.53)
- -
ǫ2
jp,t−1 0.0515
∗
(4.99)
- -
ǫ2
eu,t−1 - 0.0162
∗
(5.58)
-
ǫ2
us,t−1 - - 0.0440
∗
(6.90)
hit−1 0.9399
∗
(54.9)
0.9817∗
(290)
0.9523∗
(141)
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Table 9.5: Coeient estimates of the equation (4.5) with robust t-statistis for the foreign
exhange, equity and bond markets in eah of the trading zones. Coeients that are
signiant at the 5% level are marked (*)
Japan Europe United States
FX Market
CC
jp,t - 0.0071
∗
(0.39)
-
CC
eu,t - - 0.0160
∗
(5.97)
CC
us,t−1 0.0039
∗
(4.45)
- -
J
jp,t - 0.0227∗
(0.13)
-
J
eu,t - - 0.0044
(0.48)
J
us,t−1 0.0028
(0.90)
- -
ǫ2
jp,t−1 0.0311
∗
(3.01)
- -
ǫ2
eu,t−1 - 0.0155
∗
(2.10)
-
ǫ2
us,t−1 - - 0.0135
(1.53)
hit−1 0.8935
∗
(57.0)
0.9490∗
(145)
0.8995∗
(71.0)
Japan Europe United States
Equity Market
CC
jp,t - 0.0022
∗
(2.09)
-
CC
eu,t - - 0.0136
∗
(3.65)
CC
us,t−1 0.0191
∗
(5.30)
- -
J
jp,t - 0.0014
(0.15)
-
J
eu,t - - 0.0920
∗
(5.08)
J
us,t−1 0.0024
(0.12)
- -
ǫ2
jp,t−1 0.1010
∗
(4.80)
- -
ǫ2
eu,t−1 - 0.0740
∗
(8.32)
-
ǫ2
us,t−1 - - 0.1153
(6.89)
hit−1 0.6448∗
(28.0)
0.9014∗
(95.9)
0.7911∗
(45.8)
Japan Europe United States
Bond Market
CC
jp,t - 0.0005
(1.11)
-
CC
eu,t - - 0.0835
∗
(3.29)
CC
us,t−1 0.0024
∗
(2.01)
- -
J
jp,t - 0.0000
(0.00)
-
J
eu,t - - 0.0000
(0.00)
J
us,t−1 0.0011
(0.72)
- -
ǫ2
jp,t−1 0.0516
∗
(4.91)
- -
ǫ2
eu,t−1 - 0.0163
∗
(5.45)
-
ǫ2
us,t−1 - - 0.1274
∗
(3.71)
hit−1 0.9387
∗
(57.7)
0.9814∗
(286)
0.8511∗
(126)
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Table 9.6: Coeient estimates of the equation (4.6) with robust t-statistis for the foreign
exhange, equity and bond markets for eah of the trading zones. Coeients that are
signiant at the 5% level are marked (*)
Japan Europe United States
FX Market
RS+
jp,t - 0.0103
∗
(0.20)
-
RS+
eu,t - - 0.0109
∗
(1.97)
RS+
us,t−1 0.0053
∗
(2.39)
- -
RS−
jp,t - 0.0065
(0.07)
-
RS−
eu,t - - 0.0180
∗
(3.46)
RS−
us,t−1 0.0026
∗
(1.98)
- -
ǫ2
jp,t−1 0.0315
∗
(3.10)
- -
ǫ2
eu,t−1 - 0.0155
∗
(1.96)
-
ǫ2
us,t−1 - - 0.0148
(0.09)
hit−1 0.8903
∗
(58.0)
0.9537∗
(119)
0.9043∗
(75.0)
Japan Europe United States
Equity Market
RS+
jp,t - 0.0036
∗
(1.97)
-
RS+
eu,t - - 0.0000
(0.00)
RS+
us,t−1 0.0080
(0.71)
- -
RS−
jp,t - 0.0003
(0.26)
-
RS−
eu,t - - 0.0213
∗
(2.52)
RS−
us,t−1 0.0243
∗
(2.11)
- -
ǫ2
jp,t−1 0.0987
∗
(5.15)
- -
ǫ2
eu,t−1 - 0.0695
∗
(8.36)
-
ǫ2
us,t−1 - - 0.1091
(6.91)
hit−1 0.6869
∗
(32.5)
0.9079∗
(106)
0.8118∗
(45.9)
Japan Europe United States
Bond Market
RS+
jp,t - 0.0012
(0.52)
-
RS+
eu,t - - 0.0000
(0.00)
RS+
us,t−1 0.0000
(0.00)
- -
RS−
jp,t - 0.0000
(0.00)
-
RS−
eu,t - - 0.0000
(0.00)
RS−
us,t−1 0.0101
∗
(2.11)
- -
ǫ2
jp,t−1 0.0550
∗
(5.21)
- -
ǫ2
eu,t−1 - 0.0162
∗
(5.57)
-
ǫ2
us,t−1 - - 0.0446
∗
(6.90)
hit−1 0.9338
∗
(64.1)
0.9816∗
(289)
0.9511∗
(138)
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